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CHAPTER 1
INTRODUCTION
ScopeoftheReport
SenateBill 1,ArticleVII ofthe75thTexasLegislaturedirectstheTexasNaturalResource
ConservationCommission(TNRCC)todevelopwateravailabilitymodelsfor the22riverbasins
of thestate,excludingtheRio Grande.Modelsfor sixriverbasinsareto becompletedby
December1999,andthe 16 otherscompletedby December2001. The WaterAvailability
Modeling(WAM) Projectis beingconductedcollaborativelyb theTNRCC, TexasWater
DevelopmentBoard(TWDB),TexasParksandWildlifeDepartment(TPWD),consultingfirms,
anduniversityresearchentities,in coordinationwiththewatermanagementcommunity.The
WAM systembeingdevelopedincludesdatabasesanddatabasemanagementtools,ageographic
informationsystem,userinterfaces,andtheWaterRightsAnalysisPackage(WRAP)simulation
modelandassociatedatafiles(TNRCC 1998).Thestudydocumentedby thisreportwas
performedinconjunctionwiththeWaterAvailabilityModeling(WAM) Project.
The investigationdocumentedby thisreportconsistsof identifYing,developing,and
evaluatingalternativeapproachesforestimatingsequencesofmonthlynaturalizedstreamflowsat
ungagedsitesbasedonknownnaturalizedflowsatgagedlocations.Theultimateproductof the
studyis a recommendedsetof flowdistributionmethodologiesfor incorporationi totheWater
RightsAnalysisPackage(WRAP)model(Wurbs1999).Theobjectivesoftheinvestigationare:
· To analyzerelationshipsbetweenflowsITomdifferentsubwatershedsof riverbasinsand
thewatershedcharacteristicsgoverningtheserelationships
. To evaluatealternativemethodologiesandassociatedparametersfor transposingflows
ITomgagedtoungagedlocations
. To developa recommendedsetof proceduresfor transposingflows ITomgagedto
ungagedlocationsforincorporationi toWRAP
A literaturereviewwasperformed.Meetingswereheldwithpersonnelof theTNRCC,
TexasWaterDevelopmentBoard,TexasParksandWildlifeDepartment,Universityof Texas
CenterforResearchinWaterResources,U.S.GeologicalSurvey,USDA AgriculturalResearch
Service,TexasAgriculturalExperimentStation,andseveralconsultingfirms.Flowdistribution
approacheswereidentifiedandevaluated.Availablenaturalizedflowsatselectedgagingstations
in theBrazosandtheSanJacintoRiverBasinswereusedto investigater lationshipsbetween
flowsatdifferentlocationsandtoevaluatealternativemethodsfordistributingflows.Streamflow
dataITomtheSulphurRiverBasinwerelaterusedtosupplementi itialanalyses.
Thefollowinggeneralapproachesfor estimatingnaturalizedflowsatungagedsitesare
addressedtovariousdegreesofdetail.
. distributionofflowsinproportiontodrainagearea
· flowdistributionequationwithratiosforvariouswatershedparameters
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. adaptationoftheNRCScurvenumbermethod
· useof streamgagerecordsto developregressionequationsrelatingflowsto
watershedcharacteristics
· use of recordeddataat gagingstationsto developprecipitation-runoff
relationships
. watershed(precipitation-runoff)computermodelsuchastheSoilandWater
AssessmentTool(SWAT)
Recommendationsregardingadoptionof asetofproceduresfor theTNRCC WaterAvailability
Modeling(WAM) systemarepresentedintheChapter7SummaryandConclusions.
Role of StreamflowDistributionin Water AvailabilitvModelinS!:
MethodsfordevelopingnaturalizedstreamflowdataareaddressedITomtheperspectiveof
awateravailabilitymodelingprocessconsistingoftwophases(TNRCC 1997):
1. developmentof monthlynaturalizedstreamflowsequencescoveringthehydrologic
period-of-analysisat the locationsof reservoirs,diversions,instreamflow
requirements,andotherpertinentsites
2. simulationof thewaterrights/reservoir/riversystem,for theinputsequencesof
naturalizedflows,todeterminer liabilityindices,unappropriatedflows,andrelated
information
Naturalizedorunregulatedflowsrepresentaturalhistoricalhydrologywithoutheeffects
of reservoirsandhumanwateruse. Theprocessof estimatingmonthlynaturalizedstreamflows
consistsofthreephases:
1. adjustingrecordedflowsat selectedgagingstationsto removethe effectsof
historicalwatermanagement/use
2. fillingingapsandextendingrecordlengthstocovera commonhydrologicperiod-
of-analysisatallthegagesites
3. distributingthenaturalizedflowsatthegagingstationstopertinentungagedsitesof
actualorproposedwaterights
This reportfocuseson thethirdphase,transferringnaturalizedflowstromgagedto ungaged
locations.
The problemaddressedby this studyis that of estimatingflows for ungaged
subwatersheds.Sequencesof naturalizedmonthlyflowscoveringa severaldecadehydrologic
period-of-recordwillbeavailableatthelocationofstreamgagingstations.Theseflowsareused
to estimatethecorrespondingflowsequencesattheungagedlocationsof actualandproposed
waterrights.For someriverbasins,thenumberof relevantungagedsitesmaybemanytimes
2
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greaterthanthenumberof gagingstations.Therelativesignificanceof sitesmayvary. More
sophisticatedmethodsmaybeadoptedfordevelopingflowsforselectedkeyungagedlocations,
whilesimplermethodsareappliedtodetermineflowsfor numerousothersites.In somecases,
theflowscomputedat selectedlocationsusingmoresophisticatedapproachesmayin turnbe
distributedtoothersitesusingsimplertechniques.
An illustrativehypotheticalriverbasinis showninFigure1.1. Naturalizedmonthlyflow
sequencesat ungagedlocations1 through12in thefigureareto be determined,giventhe
correspondingflowsatgagingstationsA-E.
Figure1.1HypotheticalRiverBasin
3
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FlowsatNumerousWaterRightsSites
TheTNRCC (1997)notesthenumberof waterrightsin eachof the22riverbasinsin
TexasexcludingtheRio Grande,withatotalof5,310rights.Mostof theappropriatedwateris
associatedwitharelativelyfewlargerwaterights.Sincethelargerdiversionandstoragerights
aretypicallylocatedon majorstreamsreasonablyneargagingstations,theroleof naturalized
flowsatungagedsitesisassociatedlargelywiththenumeroussmallerrights.Of course,someof
thelargerightsarealsolocatedsomedistanceftomgagingstations.Therearea fewhundred
streamgagingstationsin Texaswithadequater cordlengthsforusein developingnaturalized
monthlyflowsequences.
As previouslynoted,thewateravailabilitymodelingprocessconsistsof twophases:(1)
themethodologyfordevelopingnaturalizedflowsand(2)theriver/reservoir/rightssystemwater
allocationmodel. However,the two phasesare interconnected.One datamanagement
considerationis whetherto incorporatesomeof thenaturalizedflowdistributioncomputations
into the river/reservoir/rightssy temsimulationmodelor to developthe completeset of
naturalizedflowsindependentlyof themodel.Foroneof thelargerbasinswithseveralhundred
waterrightssites,a naturalizedflow databasemightincludeflowsat 20 to 30 streamgage
locationsandperhaps10to40otherkeylocations.Theflowsatseveralhundredotherlocations
would thenbe synthesizedfrom flows in the databaseduringexecutionof the WRAP
reservoir/river/rightssy temwaterallocationmodel.Thesizeof thenaturalizedflowdatabases
may be greatly reducedby incorporatingthe naturalizedflow distributionin the
river/reservoir/rightssy temsimulationsoftwareasauser-optionthatwouldtypicallybeapplied
forthenumeroussmallerrights.
TheBrazos,SanJacinto,andSulphurBasins,respectively,provide xamplesoftherange
of largerandsmallermajoriverbasins.Theseandothermajoriverbasinsofthestateareshown
in Figure1.2. For the1,200rightsin theBrazosRiverBasin,whichincludestoragein 600
reservoirs,42percentof theannualdiversionvolumeand62percentof theconservationstorage
capacityareassociatedwith12reservoirsmanagedbytheBrazosRiverAuthorityandU.S.Army
Corpsof Engineers(Wurbsetal. 1994).Theseandotherrightsaccountingfor muchof the
remainingpermittedwateruseandstoragecapacityin theBrazosBasinarelocatedreasonably
nearstreamgagingstations.Over1,000othersmallerrightsarescatteredthroughoutthebasin.
A recentupdateof theSanJacintoRiverBasinwateravailabilitymodelusingWRAP
involved108rights,of which78includereservoirstorage(TNRCC 1996).SanJacintoRiver
AuthorityandCityofHoustonrightsassociatedwithLakesHoustonandConroeaccountfor94
percentof thetotaldiversionvolumeand93percentof thestoragecapacityin thebasin.The
modelwasformulatedwith 1940-1980sequencesof naturalizedflowsinputfor 22 selected
controlpoints.Flowsweredistributedtoseveralothersiteswithinthemodelbysimplyapplying
drainagearearatios.
TheTexasportionoftheSulphurRiverBasinhas54existingwaterrightsandtwomajor
reservoirs,WrightPatmanLakeandJimChapmanLake,alongwith27otherimpoundmentswith
astoragecapacityofgreaterthan200acre-feet.A studyoftheSulphurBasinperformedforthe
4
TNRCC byR. J. BrandesCompany(1999)usednaturalizedflowsat6gagingstationscoveringa
1940-1996period-of-analysis.Flowsattheothersiteswereestimatedfromflowsatthesixgaged
sites.
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Figure1.2RiverBasinsinTexas
ReproductionofRelevantStreamflowCharacteristics
Althoughfuturestreamflowsareof concernratherthanthepast,thefutureis unknown.
Thus,historicalhydrologyisusedasbeingrepresentativeofflowcharacteristicstobeexpectedin
thefuture.In synthesizingflowsforungagedwatersheds,accuracyinestimatingtheactualflow
for anyparticularmonthin thepastis typicallynot importantas longasrelevantstatistical
characteristicsof thelong-termhistoricalnaturalizedflowsareadequatelycaptured.Achieving
accuracyin theflow-duration(flow-frequency)relationships particularlyimportant.Capturing
thelikelihoodof long-durationdroughtsrepresentedbysequencingof manymonthsof flowsis
alsoimportant.
Methodsthatrelateflowsatungagedsitesto thecorrespondingflowsatgagedsiteswill
typicallytendtoresultintheestimatedflowsatungagedsitesbeingmorecloselycorrelatedtothe
gagedsitethanis actuallythecaseinreality.Forexample,stimatingflowsatungagedsite5 in
Figure1.1by applyinga drainagearearatioto theflowsatgagingstationD will resultin an
absolutecorrelation.In thecomputations,a low flow at stationD will alwaysresultin a
correspondinglylowflowatsite5. In reality,alower-than-averageflowatgageD couldoccurin
thesamemonthasahigher-than-averageflowatsite5. Thisover-correlationbetweenlocations
isprobablyacceptableaslongastheflow-durationrelationshipatsite5isreasonablyaccurate.
5
Uncertainties
Thetaskofdevelopingsequencesofnaturalizedflowsforungagedwatershedsnecessarily
involvesuncertaintiesandinaccuracies.Majorareasofuncertaintyaffectingtheaccuracyofflow
estimatesincludethefollowing.
. Precipitation,streamflow,andotherhydrologicvariablesarehighlystochasticandvarygreatly
bothtemporallyandspatially.
· Rainfallintensitiesvary drasticallyover shortdistances.An intensestormmaybe
concentratedoveraparticularsubwatershedwhileneighboringsubwatershedsreceivelittleor
no rainfall.Raingagesaremuchtoosparselylocatedto capturethespatialvariabilityof
rainfalleventswithahighdegreeofaccuracy.
· Watershedsmaybehighlynonhomogeneouswithsoils,vegetation,landuse,topography,and
othercharacteristicschangingsignificantlyovershortdistances.
· Watershedcharacteristicsaredifficultoaccuratelymeasure.
· Changesovertimeinlanduseandotherwatershedcharacteristicsaretypicallynotreflectedin
theprocessofnaturalizinggagedflows.
· Thehydrologicprocessesthattransformrainfallto streamflow,suchasinfiltration,surface
storage/flow,subsurfacestorage/flow,andevapotranspiration,are complex. Watershed
modelingrequiresmajorsimplificationsandapproximations.
· Streamflowincludesbothbaseflow andsurfacerunoff Accuratelyaccountingfor the
separatebaseflowcomponent,fromsubsurfacesources,andthesurfacerunoff,fromrecent
rainfall,isdifficult.
· Channellossesandotherinteractionsbetweensubsurfaceflowsandstreamflowsarecomplex.
· Inaccuraciesanduncertaintiesareinherentin allrecordedataincludingagedstreamflows,
gagedrainfall,anddatausedto naturalizegagedstreamflowssuchas reservoirstorage,
evaporationrates,andwateruse.
6
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CHAPTER 2
LITERATURE REVIEW
Althoughthe publishedliteratureon watershedhydrologyis voluminous,thereis
remarkablyittlework reportedon thespecifictopicof developingsequencesof naturalized
monthlyflowsatungagedlocationsbaseduponcorrespondingflowsatgagingstations.Whilethe
mont~yflow distributionproblemof concernhereis not addressedirectly,thehydrology
literaturedoesfocusindepthonrelatedtopics uchas:
. watershedprocessesthroughwhich precipitationis partitionedinto hydrologic
abstractionsandstreamflow
. methodsfor estimatingfloodpeaksand/orvolumesassociatedwithspecifiedannual
exceedanceITequencies
. watershedmodelingmethodsfordevelopingfloodhydrographsITomprecipitationi put
. watershedmodelingmethodsfor synthesizinglong-termstreamflowsequencesITom
precipitationi put
. stochastichydrologytechniquesfor synthesizingsequencesof flowsthatreproduce
selectedstatisticalcharacteristicsofobservedflows
. flood-flowandlow-flowITequencyanalysismethodsandflow-durationcurvesatgaged
sites
The hydrologicprocessesaffectingstreamflowand an array of associated
modeling/analysismethodsareaddressedbynumeroushydrologybooksincludingLinsleyetaI.
(1982),Chowetal.(1988),Shaw(1988),Ponce(1989),Brooksetal.(1991),Singh(1992),
Maidment(1993),Dingman(1994),Newson(1994),ViessmanandLewis(1996),andMcCuen
(1998),as well as thousandsof journalandconferencepapers,agencyreports,andother
references.However,theproblemof relatingmonthlyflowsequencesatungagedsitesto the
correspondingflowsat gagedlocationsis essentiallyignoredin theliterature. Regression
analysesandwatershed(precipitation-runoff)modelingaretwosubjectsaddressedextensivelyin
the hydrologybookscitedaboveandotherreferences,whichare particularlyrelevanto
developingsequencesof flowsforungagedwatersheds.However,althoughthesemethodshave
beenappliedextensivelyto othertypesof hydrologicanalysesasdiscussedbelow,veryfew
applicationsdealdirectlywiththeproblemof distributingmonthlyflowsequencesITomgaged
watershedstoungagedsubwatersheds.
Investigationofdatamanagementsoftware,datasources,anddatabasesis akeyaspectof
themethodologydevelopmenteffort.Datamanagementsystemsareanimportantconsideration
inapplyinganyof themethodsfordevelopingnaturalizedstreamflows.Thus,datamanagement
systemsarereviewedinthelastsectionofthischapter.
Re2ressionRelationships
Standardstatisticalmethodsfor regressionandcorrelationanalysesand associated
significancet stsarecoveredin manystatisticsbookssuchasMiltonandArnold(1995)and
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KottegodandRosso(1997)aswellasthepreviouslycitedhydrologybooks.A commonfonnof
regressionequationis
(2-1)
wherethe dependent(response)variableY is expressedas a functionof independent
(explanatory)variablesXi. Theregressioncoefficients(a,b,c,d, ..., m,n)aredeterminedbased
on leastsquaresregressionor otheranalysesof observedata. Othergeneralfonnsof the
regressionequationmaybeusedaswell. Theinvestigationscitedinthenextparagraphillustrate
theapplicationof statisticaltechniquestoextensivedatabasesoffielddatatotestthesignificance
of thealternativeindependentvariablesbeingconsidered,todevelopmultiple-variableregression
models,andtoanalyzetheexpectedaccuracyoftheregressionmodels.
TheD.SGeologicalSurvey(USGS)is particularlynotableof themanyentitiesthathave
modeledhydrologicharacteristicsof watershedsusingregressionequations.For example,
DriverandTasker(1990)presentasetof regressionequationsforestimatingrunoffvolumesand
loadsof 11waterqualityconstituentstromurbanwatershedsforindividualstonneventsandfor
annualmeans.The dependent(response)variablespredictedby theregressionequationsare
runoffvolumesandloadsof the11waterqualityconstituents.Theindependent(explanatory)
variablesincluderainfalldepthandduration;2-yearecurrenceinterval24-hourainfallintensity;
watershedarea;watershedpercentimpervious;percentcommercial,industrial,residential,and
nonurbanlanduse;temperature;andpopulationdensity.Differentregressionequationswere
developedfordifferentregionsofthenation.
KircheretaI.(1985)appliedregressiontechniquestoestimatestreamflowcharacteristics
fornaturalstreamsinwesternColorado.Meanannualdischarge,meanmonthlydischarge,and
peakdischargearepredictedasafunctionofdrainagearea,meanannualprecipitation,meanbasin
elevation,andmeanbasinslope.
Flood flow predictionaccountsfor mostof thework reportedin the literaturein
developingregressionequationsrelatinghydrologicvariablestowatershedparameters.Jennings
et aI. (1994)presentregressionequationsfor predictingpeakflood flows associatedwith
specifiedexceedanceprobabilities,forruralandurbanwatershedsinvariousregionsofthenation.
Independentvariablesin theregressionequationsincludewatershedarea,percentimpervious,
watershedslope,channelslope,meanannualprecipitation,andotherwatershedparameters.
AsquithandSlade(1997)presentregionalregressionequationsfor peakfloodflow associated
with specifiedexceedanceprobabilitiesfor natural(unregulatedrural)watershedsin Texas.
Devulapalli(1995) providesregressionequationsfor flood volume-duration-trequency
relationshipsfor smallungagedruralwatershedsin differentregionsof Texasthatarebasedon
watershedparametersincludingdrainagearea,slope,andanindexprecipitationdepth.Xin etaI.
(1997)compareregressionmethodsandothermethodsforpredictingfloodflowstromungaged
watersheds.
A reasonablyin-depthliteraturereviewrevealedonlyonejournalpaperthatfocuses
specificallyonmethodsfortransferringsequencesofmonthlyflowsfromgagedtoungagedsites.
Ganet aI. (1991)investigatedtheuseof variousfonnsof regressionequationsfor relating
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concurrentmonthlyflowsfromneighboringwatersheds.In theregressionanalyses,monthly
flows were relatedto the followingwatershedparameters:drainagearea,meanannual
precipitation,andpercentofwatershedcoveredwithforest.Ganetal.(1991)concludethat:
"The transpositionof monthlystreamflawdatafrom a gaugedcatchmentto an
ungaugedcatchmentis a difficultexercise,wherebygreataccuracyis not to be
expectedTherelationshipbetweentheconcurrentstreamflawsof twohydrologically
similarcatchmentsisessentiallya linearone.It issufficientlyaccurateif expressedas
Y=BXwhereX andY representconcurrentmonthlydischarges.... Evenif B is well
estimated,theindividualtransposedflawsmaystillbemuchin erroras theregression
lineonlyrepresentsanaveragerelationshipbetweentheflawsoftwocatchments."
WatershedModels
Muchof theworkreportedintheliteraturerelatedtothewatershedcharacteristicsthat
governstreamflowdealswithhydrologicmodeling.Watershedmodelsimulatethehydrologic
processesbywhichprecipitationisconvertedtostreamflow.Thewatershedisthesystembeing
modeled;precipitationis theinput;andhydrologicabstractionsandrunoffarethecomputed
output. Simplifiedtechniquessuchastherationalformula,whichis widelyusedin drainage
design,computeonly thepeakflood flow associatedwith a specifiedannualexceedance
probability.Computermodelsof watershedhydrologyincorporateanarrayof waterbalance
accountingtechniquesrepresentingthevarioushydrologicprocesses.Somewatershedmodels
consideronlywaterquantities;othersincludesedimenttransportandwaterqualityprocesses.
Precipitation-RunoffProcesses
Someprecipitationislossthroughthenaturalhydrologicprocessesofinterception,depression
storage,infiltration,evaporation,andtranspiration.Theremainingprecipitationflowsoverlandand
throughthesoil,collectsasflowin swalesandsmallchannels,andeventuallybecomesrunoffto
streams.Groundwateralsocontributesto streamflow,largelyindependentlyof theparticular
precipitation-runoffevent.Contaminantsenterthewaterduringtherunoffprocesses.Various
pollutanttransportandtransformationprocessesoccurwithinthehydrologicprocesses.Landuse,
drainageimprovements,storagefacilities,andotherdevelopmentactivitiessignificantlyaffecthe
processesbywhichprecipitationisconvertedtostreamflow.Snowfallandsnowmeltaswellasrainfall
areimportantinmanyareas.Numeroushydrologytextbookssuchasthosepreviouslycitedcoverthe
fundamentalsofwatershed(precipitation-runoff)processesandmodelingthereof
Watershedmodelinginvolvescomputingflowratesandsometimescontaminantconcentrations
or loads,overtime,at thewatershedoutlet(or multiplesubwatershedoutlets)for specified
precipitationi put. Largerwatershedsaretypicallydividedinto a numberof smallermore
hydrologicallyhomogeneoussubwatershedsformodelingpurposes.Therunoffromtheindividual
subwatershedsisroutedthroughstreamreachesandcombinedatappropriatelocations.Runoffrom
subwatershedsmayalsoberoutedthroughwatercontrolfacilitiesandtemporarilystoredinreservoirs.
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GeneralizedWatershedModels
Singh(1995)describes27of themanymajorgeneralizedwatershedmodelingpackages
whichamongothersincludetheHydrologicEngineeringCenter'sHEC-J Flood Hydrograph
Package,u.S. GeologicalSurvey'sPrecipitation-RunoffModelingSystem(PRMS),National
WeatherService'sRiverForecastSystem,USACENorthPacificDivision'sStreamflowSynthesis
and ReservoirRegulation(SSARR),DanishHydraulicInstitute'sSystemeHydrologique
Europeen(MIKE SHE),EnvironmentalProtectionAgency'sStormwaterManagementModel
(SWMM) andHydrologicSimulationProgram-Fortran(HSPFj, andAgriculturalResearch
Service'sSWRRB,EPIC, CREAMS,andGLEAMS. Severalgeneralizedwatershedsimulation
modelsaredescribedbelow.
Watershedmodelscanbecategorizedassingle-eventorcontinuous.Single-eventmodelsare
designedto simulateindividualstormeventsandhavenocapabilitiesforthesoilinfiltrationcapacity
andotherwatershedabstractioncapacitiestobereplenishedduringextendeddryperiods.Continuous
modelssimulatelongperiodsof timewhichincludemultipleprecipitationeventseparatedby
significantdryperiodswithnoprecipitation.Somemodelscanbeusedoptionallyineithersingle-event
orcontinuousmodes.Mostsingle-eventwatershedmodelsaredesignedforquantity-onlyapplications
andcontainofeaturesformodelingwaterquality.Most(butnotall)continuousmodelsprovide
capabilitiesforanalyzingwaterqualityaswellasquantity.
HEC-J andHEC-HMS
TheHEC-l FloodHydrographPackage(HydrologicEngineeringCenter1998)isprobablythe
mostwidelyusedof thenumerousavailablewatershedmodels.TherecentlydevelopedHEC
HydrologicModelingSystem(HEC-HMS)incorporatesmostofthemodelingcapabilitiesofHEC-l in
a windows-basednvironment(HydrologicEngineeringCenter1998).HEC-HMS is intendedto
eventuallyreplaceHEC-l. HEC-l andHEC-HMSsimulateindividualfloodevents.Theyhaveno
waterqualitycapabilities.Thegeneralizedwatershedsimulationmodelsprovideanextensivepackage
ofoptionalcomputationalmethods.Precipitation-runoffmodelingrepresentsthecentralfocusofthe
package,butotherrelatedmodelingcapabilitiesareprovidedaswell. In additionto thebasic
watershedmodelingcapabilities,themodelingpackageincludeseveralotheroptionalfeatures
involving:partiallyautomatedparametercalibration,multiplan-multifloodanalysis,damsafetyanalysis,
economicflooddamageanalysis,andfloodcontrolsystemoptimization.
A HEC-l orHEC-HMSprecipitation-runoffm delingapplicationtypicallyinvolvesdividinga
watershedintoanumberof subwatersheds.Precipitation-runoffissimulatedforeachsubwatershed.
Themodelsprovideflexibleoptionsfordevelopingand/orinputtingprecipitationdata,whichmay
reflectsnowfallandsnowmeltaswellasrainfall.Precipitationvolumesareconvertedtodirectrunoff
volumesusingoneof thefollowingoptionalmethods:NRCS curvenumbermethod;initialand
uniformlossrate;exponentiallossratefunction;Holtanlossratefunction;or GreenandAmpt
relationship.Runoffhydrographsarecomputedftomtheincrementalrunoffvolumesusingeitherthe
unithydrographor kinematicroutingoptions.An unithydrographmaybe inputto HEC-l.
Alternatively,themodelincludesoptionsfordevelopingsyntheticunithydrographsu ingeitherthe
SoilConservationService,Synder,orClarkmethods.Watershedmodelingalso involvesrouting
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hydrographsthroughstreamreachesandreservoirs.HEC-l useshydrologicstorageroutingfor
reservoirs.Thefollowingchannelroutingoptionsareprovided:Muskingum,Muskingum-Cunge,
modifiedPuIs,workingR andD,averagelag,andkinematicwave.
HSPF
TheHydrologicalSimulationProgram-Fortran(HSPF)is documentedbyJohansonetaI.
(1984).HSPFprovidesrelativelysophisticatedcapabilitiesforcontinuoussimulationofabroadrange
ofhydrologicandwaterqualityprocesses.Themodelisorientedmoretowardagriculturalandother
non-urbanwatersheds,buturbanwatershedscanalsobesimulated.HSPFconsistsofasetofmodules
arrangedinahierarchicalfTameworkbuiltaroundatimeseriesdatamanagementsystem.Thevarious
simulationandutilitymodulescanbeinvokedindividuallyorinvariouscombinations.Thestructured
designofthemodelfacilitatesu ersaddingtheirownmodules,iftheysodesire.
HSPF simulateswatershedhydrologyandwaterqualityfor bothconventionalndtoxic
organicpollutants.Inputdataincludetimehistoriesofrainfall,temperature,andsolaradiation;and
informationregardingland-surfaceharacteristics,suchasland-usepatterns,oilproperties,andland-
managementpractices.The resultof thesimulationof a subwatershedis a hydrographand
pollutographs.The modelpredictsflow rates,sedimentloads,and nutrientand pesticide
concentrations.Thesubwatershedrunoffcharacteristicsareth nusedby themodelto simulate
instreamprocessesto determinehydrographsandpollutographsat all pertinentlocationsin the
watershed.HSPF allowsintegratedsimulationof landandsoilcontaminantrunoffprocesseswith
instreamhydraulicandsediment-chemicalinteractions.
MIKE SHE
TheDanishHydraulicInstitute'sMIKE SHEstemsfTomtheSystemeHydroloqiqueEuropeen
(SHE)developedbyaconsortiumofthreeEuropeanorganizations.MIKE SHEsimulateswaterflow,
waterquality,andsedimenttransportinruralwatersheds.Thegeneralizedmodelisparticularlynotable
foritscomprehensiveinclusionofallmajorhydrologicalprocessesoccurringinthelandphaseofthe
hydrologiccycleincludingbothsurfaceandgroundwaterprocesses.MIKE SHE hasbeenwidely
appliedthroughouttheworldinavarietyofdifferenttypesofapplications.
AgriculturalResearchServiceModels
TheU.S. Departmentof Agriculture(USDA)AgriculturalResearchService(ARS) has
developeda numberof modelsfor simulatinghydrologicandwaterqualityprocessesin rural
watersheds.TheSoilandWaterAssessmentTool(SWAT)is themodelappliedin theanalyses
reportedinChapter6ofthisreport.SWATbuildsupontheSimulatorforWaterResourcesinRural
Basins(SWRRB)developedbytheARSGrassland,Soil,andWaterResearchLaboratoryinTemple,
Texas.SWRRBisdesignedtopredicttheeffectofvarioustypesofwatershedmanagementpractices
onwaterandsedimentyieldsinungagedagriculturalwatersheds(Arnoldetal 1990).Themajor
processesreflectedinthemodelincludeprecipitation,surfacerunoff,percolation,lateralsubsurface
flow,evapotranspiration,p dandreservoirevaporation,erosionandsedimentation,soiltemperature,
cropgrowth,andirrigation.Manyyearsofdailyflowsmaybedeterminedforinputtedorcomputed
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precipitationdata. Precipitationmaybe eitherinputtedor developedby themodelas a Markov
processusinginputtedprobabilities.A watershedmaybedividedintoasmanyastensubwatersheds.
Thesoilprofilecanbedividedintoasmanyastenlayers.Thehydrologicomputationsarebasedon
thewaterbalance quation.TheNRCS curvenumbermethodis usedto computerunoffvolumes.
Sedimentyieldis determinedusingthemodifieduniversalsoil lossequationanda sedimentrouting
model.
The Simulatorfor WaterResourcesin RuralBasins-WaterQuality(SWRRB-WQ) was
developedbyaddingwaterqualitymodelingcapabilitiesto SWRRB. SWRRB-WQ simulatesweather,
hydrology,erosion,sedimentyield,nitrogenandphosphoruscyclingandmovement,pesticidefateand
movement,crop growthandmanagement,pondandreservoirmanagement,andotherprocesses.
SWRRB-WQ has beenusedby the AgriculturalResearchService,Soil ConservationService,
EnvironmentalProtectionAgency,andotheragenciestoassesstheeffectsoflandmanagementonoff-
sitewaterquantityandquality,pollutionof coastalbaysandestuaries,reservoirsedimentation,and
registrationof pesticides.
SWRRB-WQwasdevelopedbymodifyingandexpandingtheearlierCREAMSmodel.The
Chemicals,Runoff:andErosiontromAgriculturalManagementSystems(CREAMS) modelsimulates
hydrology,erosion,nutrients,andpesticidestromfield-sizeareas.SWRRBexpandsCREAMS for
applicabilityto larger,morecomplexwatersheds.The recentlydevelopedGroundwaterLoading
Effectsof AgriculturalManagementSystems(GLEAMS) modelwasdesignedto replacetheearlier
CREAMS model.GLEAMS simulatestheeffectsofweather,soils,tillagepractices,andpesticideand
nutrientmanagementon movementof nutrients,pesticides,andpesticidedegradationproductsto
groundandsurfacewaters.GLEAMSisacontinuous,field-scalemodelthatpermitsassessmentof he
effectsof variabletopographyandslopewithinthefield.Themodelis usedbytheUSDA, other
governmentagencies,andagriculturalchemicalcompaniesto assesstheenvironmentaleffectsof
alternativemanagementpracticesandpesticideproducts.
SoilandWaterAssessmentToolrSWA1)
TherecentlydevelopedSoilandWaterAssessmentTool(SWAT)is designedtoextendthe
capabilitiesof SWRRB-WQto largecomplexruralriverbasins(Arnoldetal. 1996).SWAT,like
SWRRB,wasdevelopedattheARS Grassland,Soil,andWaterResearchLaboratoryin Temple,
Texas.ThisresearchfacilityalsohousestheBlacklandResearchCenterof theTexasAgricultural
ExperimentStation(TABS)of theTexasA&M UniversitySystem.Watershedmodelingresearch
programshavebeenajointpartnershipof theARS andTABS. NaturalResourceConservation
Service(NRCS)personnelalsoparticipateintheresearchprogramsatthefacilityinTemple.
SWAT reflectschangesto SWRRB-WQinvolving:(1) expandingthemodelto allow
simultaneouscomputationsonseveralhundredsubwatershedsand(2)addingcomponentstosimulate
lateralflow,groundwaterflow,reachroutingtransmissionlosses,andsedimentandchemical
movementthroughponds,reservoirs,streams,andvalleys.SWATisaspatiallydistributedwatershed
modelthatusesadailytimestepforsimulationperiodsthatmayexceed100years.Majorcomponents
of themodelincludehydrology,weather,sedimentation,soiltemperature,cropgrowth,nutrients,
groundwaterandlateralflow,andagriculturalmanagement.SWAT hasbeencombinedwith
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geographicalinfonnationsystemsandrelationaldatabases.A uniqueaspectof thedevelopmentand
applicationof SWAThasbeenthefocusonlinkingthewatershedsimulationmodelto anumberof
GIS databasesthatincludeprecipitationa dotherweatherdata,soils,landuse,andagriculturaldata
(SrinivasanandArnold1994).SWAT hasbeenrunprimarilyonworkstationsundertheUNIX
operatingsystem,butMS-DOSandWmdowsbasedmicrocomputerv sionsarealsoavailable.
SWAThasbeenusedforvariousriverbasinmodelingapplications.It ispresentlybeingused
in theHUMUS (HydrologicUnitModelfortheUnitedStates)projectwhichentailsnationalnd
regionalwaterassessmentsforallthemajoriverbasinsoftheUnitedStates.
DataMana2ementSystems
Data managementsoftwaresystemsfor compilation,storage,retrieval,editing,
mathematicalcomputations,analysis,andtabular/graphicaldisplayof voluminousdataarea
centralfoundationof theentirewateravailabilitymodelingprocess.Datamanagementis akey
aspectofthestreamflownaturalizationmethodologiesbeinginvestigated.
Availabledatamanagementsoftwaremaybecategorizedasfollows.
. spreadsheet/graphics/databasep ckagessuchasExcel,QuattroPro,andLotus1-2-3
. commerciallyavailabledatabasemanagementsystemssuchasOracle
. wateresourcesdatamanagementsystemssuchasHECDSS
. geographicinfonnationsystems(GIS)suchasArc/InfoandArcView
Thesedifferenttypesofdatamanagementsoftwarearebrieflydiscussedbelow.
SpreadsheetPrograms
Excel,QuattroPro, andLotus 1-2-3areamongthemostpopularof thenumerous
spreadsheet/graphics/databasepackagesavailableon themarket(Wurbs1995). Spreadsheet
programsare widely-used,polished,inexpensivecommercialproducts. They providethe
advantageof applyingthesamefamiliarsoftwareto manydifferentapplications.A particular
applicationcanbeaddressedusingsoftwarethatis alreadybeingusedin theofficefor other
purposesaswell. Spreadsheetsoftwareprovidesextensivecomputationalanddatamanagement
capabilities.However,applicationof spreadsheetprogramsgrowsawkwardasthevolumeof
dataincreases.Theprogramsdiscussednextaredesignedtohandlelargedatabases.
CommercialDatabaseManagementSystems
Thuraisingham(1997)definesdatamanagementsystemsassystemsthatmanagedata,
extractmeaningfulinfonnationITomthedata,andmakeuseof theinfonnationextracted.These
systemsarewidelyusedinbusinessandgovernment.Mostof thepopulardatabasemanagement
systemsareclassifiedasbeingrelationalbecauseachdatabasefile is consideredas a two-
dimensionaltable,andrelatedfilesarelinkedviaconnectionfields.Thevoluminousliteratureon
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databasemanagementtechnologyincludesbooksbySimoviciandTenney(1995),Zanioloetal.
(1997),andThuraisingham(1997)coveringfundamentalheoryandapplications.
Manyrelationaldatabasesystemproductsaremarketedbyvariouscompaniesincluding
OracleCorporation,IngresCorporation,ffiM, DigitalEquipmentCorporation,HewlettPackard,
Informix,and Sybase,Inc. Particularlynotablearethe numerousproductsfor database
management,servertechnology,andapplicationsdevelopedbytheOracleCorporation.Oracle's
Oracle7Serverisextensivelyusedinbusiness,industry,andgovernment.TheOracle7relational
databasemanagementsystemisasetof softwareproductstosupportvariousfunctionsincluding
queryprocessing,onlinetransactionprocessing,datawarehousing,workgroupmanagement,and
internetaccess.
Oracle7,ObjectStore(anobject-orientedsystem arketedbyObjectDesignInc.),Illustra
(anobject-relationalsystemmarketedbyInformixInc.),andothercompetingproductsarelarge-
scalemore-expensivedatabasemanagementsystemsusedbylargeorganizations.Lessexpensive,
smaller-scalesystemsfor personalcomputersincludeParadoxanddBASE, availableITom
BorlandInternational,ndAccessITomMicrosoft.
Thesegeneralizeddatabasemanagementsystemstendto beorientedtowardbusiness
applicationsinvolvingextensivetextinformationaswellasnumbers.Waterresourcesdata
typicallyinvolvenumerouslargeblocksof numbers.Thedatamanagementsystemsdiscussed
belowweredesignedspecificallyforwaterresourcesapplicationswiththeintentof beingmore
efficientfortheseapplicationsthanthegeneralizedcommercialsystemscitedabove.
WaterResourcesDataManagementSvstems
Softwaresystemshavebeendevelopedby thewateragenciespecificallyfor water
resourcesrelatedatamanagementandanalysisapplications.Twoparticularlynotablepackages
aredescribedbelow. HECDSS andANNIE weredevelopedby theHydrologicEngineering
CenterandU.S.GeologicalSurvey,respectively.
HECDSS.- TheHydrologicEngineeringCenter(BEC)DataStorageSystem(DSS)isoneof
a numberof widely-usedcomputerprogramsavailableITomtheHEC of theU.S. ArmyCorpsof
Engineers(HydrologicEngineeringCenter1995).Thepublicdomainsoftwaremaybedownloaded
ITomtheHECwebsite(http://www.wrc-hec.usace.army.mil)andisalsodistributedbyvariousvendors.
HECDSSiswidelyusedbywateragenciesandconsultingfirmsfora varietyof differenttypesof
applications.
HECDSSdatabasemanagementcapabilitiesareorientedparticularlytowardvoluminoussets
oftimeseriesdata.HECDSSusesablockofsequentialdataasthebasicunitof storage.Thebasic
conceptunderlyingtheHECDSSistheorganizationfdataintorecordsof continuous,applications-
relatedelements,asopposedtoindividuallyaddressabledataitems.Thisapproachismoreefficientfor
waterresourcesapplicationsthanthatof a conventionaldatabasesystembecauseit avoidsthe
processingandstorageoverheadrequiredto assembleanequivalentrecordIToma conventional
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system.HECDSSisavailablefordesktopcomputers,andtheFORTRAN77programshavealsobeen
compiledandexecutedonvariousminicomputerandmainftamesystems.
HECDSSprovidescapabilitiesto:(1)storeandmaintaindatain a centralizedlocation,(2)
provideinputo andstoreoutputITomapplicationprograms,(3)transferdatabetweenapplication
programs,(4)mathematicallymanipulatedata,and(5)displaythedataingraphsandtables.Theuser
mayinteractwiththedatabasethrough:(1)utilitiesthatallowentry,editing,anddisplayofinformation,
(2)applicationprogramsthatreadITomandwritetothedatabase,and(3)libraryroutinesthatcanbe
incorporatedinanyprogramtoaccessdatabaseinformation.HECDSSdoesnotpresentlyhavea
graphicaluserinterface.However,theCaliforniaDepartmentof WaterResourcesi currently
sponsoringdevelopmentofagraphicaluserinterfaceinconjunctionwithadoptingHECDSSforuseby
stateandlocalagenciesinCalifornia.
A varietyofutilityprogramsareincludedinHECDSSforenteringdataintoadatabasefile.
Somearedesignedfor enteringdataITomotherdatabasessuchastheUS. GeologicalSurvey
WATSTOREsystemandNationalWeatherServiceclimaticdatabases.SeveralHEC application
programshavebeeninterfacedwithDSS,allowinguserstoretrievedataforanalysisorstoreresultsin
a DSS file. Thisprovidestheuserthecapabilityof displayingandanalyzingapplicationprogram
resultsbyusingtheDSSutilityprograms.A setofFORTRANsubroutinesareavailablewhichcanbe
usedto linkapplicationprogramswithHECDSS(HydrologicEngineeringCenter1990).HECDSS
alsoprovidesmeansformathematicallymanipulatingdatainavarietyof ways.Normalarithmetic
operationsandmanymathematicalfunctionsareprovided.Variousstatisticalnalysescanbe
performed.Missingdatacanbesynthesized.Hydrologicroutingofstreamflowscanbeperformed.
Applicationof HECDSScapabilitiesspecificallyfor developingnaturalizedstreamflowsis
illustratedbya recentmajorwateravailability/allocations udyfor theAlabama-Coosa-T llapoosa
(ACT)andApalachicola-Chattahoochee-Flint(ACF)RiverBasinsinGeorgia,Alabama,ndFlorida
(U.S.ArmyCorpsofEngineers1997).Participantsinthisseveral-year,severalmilliondollarwater
availabilitymodelingeffortincludedseveralagenciesof thethreestates,severallocalwater
managementtities,everalconsultingfirmsincludingCamp,Dresser& McKeeInc.,andseveral
CorpsofEngineersoffices.
ANNIE. - ANNIE is a computerprogramfor interactivehydrologicanalysesanddata
management,whichwasdevelopedbytheUS. GeologicalSurvey(Lumbetal. 1990).ANNIE
containsasetofprocedurestoorganize,manipulate,andanalyzedataneededforhydrologicmodeling
andanalysis.Theuserinteractivelyperformstasksrelatedtodatamanagement,tabularandgraphical
presentation,statisticalnalysis,andinputpreparationforhydrologicmodels.ANNIE storesdataina
binary,direct-accessfilewitha specifiedstructure,whichis calleda WatershedDataManagement
(WDM)file. TheWDM fileprovidesuserswitha commondatabasefor manyapplications,thus
eliminatingtheneedtoreformatdataITomoneapplicationtoanother.ANNIE and/ortheWRMfile
formatarecurrentlyusedwitha numberofUS. GeologicalSurveyandEnvironmentalProtection
Agencyhydrologicandwaterqualitymodels.ANNIE is writtenin FORTRAN anddesignedfor
portabilityomainftamecomputers,minicomputers,andmicrocomputers.
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ANNIE providescapabilitiestocreateaWatershedDataManagement(WDM)file,transport
datatoandfromtheWDM file,andadjustandmanipulatethedata.Thedatacanbetabulatedin
variouspresentationf rmats.ANNIE graphicscapabilitiesncludestimeseriesplots,X-Y plots,and
probabilityplots.TheplotscanmeetUSGSpublicationstandards.ANNIE providesa numberof
statisticalnalysiscapabilitiesincludingflow-duration,frequency,error,andtrendanalyses.The
ANNIE libraryofroutineshasalsobeenusedtocreatecustomprogramsforuseindevelopinginput
filesforspecifichydrologic,hydraulic,orwaterqualitysimulationprograms.
ANNIE-IDE.-TheANNIE InteractionDevelopmentE vironment(ANNIE-IDE)wascreated
bytheEnvironmentalProtectionAgencytoprovideaconsistentmethodologyforbuildinginteractive
interfacesfor environmentalcomputerprogramsanddatabases(Kittle,Humme~Imhoff1989).
ANNIE-IDE incorporatesanumberofroutinesandmethodsfromANNIE. ANNIE-IDEisasetof
toolsfordevelopinguserinterfacesforsimulationmodelsandpre-andpost-processorprograms.The
ANNIE-IDE systemprovidestheprogramdeveloperwitha setof subroutineswhichmaybe
incorporatedintoamodeltoperformoneormoreofthefollowingoperations:(1)displaytextonthe
monitorscreen,(2)displaystaticand/ordynamicmenus,(3)prompttheusertoinputoreditvaluesina
one-ortwo-dimensionalarray,(4)openafiletostoreorretrieveinformation,and(5)displaycontext-
sensitivehelp,instructions,andmodelparameterinformation.
GeographicInformationSystems
A geographicinformationsystem(GIS)isasetofcomputer-basedtoolsforcapturing,storing,
processing,combining,manipulating,analyzing,anddisplayingdatawhicharespatiallyreferencedto
theearth.Thus,GIS isaspecialcaseofdatamanagement/analysisdeal ngspecificallywithspatialor
geographicald ta.GIStechnologydatesbacktothe1960'sandhasevolvedintoamajordisciplinein
recentyears.GroupsmonitoringtheGIS industryestimatehetotalvalueofhardware,software,
andservicesconductedby theprivate,government,educational,ndothersectorsthathandle
spatialdatatobeabout$6billionperyear(Clark1997).ThevoluminousGIS literatureincludes
recentbooksbyAntenuccietal.(1991),Maquire tal.(1991),Goodchildetal.(1993),Demers
(1997),andClarke(1997).
Applicationsof GIS technologyvarywidely.In general,geographicnformationsystems
providecartographic,datamanagement,analytical,ndpolygonprocessingcapabilities.Cartographic
capabilityallowsaccuratemapsandengineeringdrawingstobeproducedefficiently.Thiscapability
includesdigitizing,raphicdisplaygeneration,i teractivegraphicmanipulation,andplotting.Data
managementcapabilitiesnvolvetheefficients orageandretrievalofbothgraphicandnongraphicdata,
includingnongraphicattributeslinkedtographicimages.Datamanagementincludesselectingdata nd
producinggraphicsandreportsonthebasisofattributevalues.Analyticalcapabilitiesinvolvevarious
mathematicalomputationsandanalyses.Polygonprocessingconsistsofoverlayingsetsofdata.For
example,soiltypedatamaybeoverlainonlandusedatato constructpolygonshavingspecified
combinationsof oiltypeandlanduse.
In somecases,customizedGIS softwarehasbeendevelopedfora particulargovernmental
organizationrprivatecompanyanditsownparticularpplications.However,manygeneralizedGIS
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softwarepackagesareavailablewhichprovidea varietyof capabilitiesfor a broadrangeof
applications.ThefollowingeightGISpackagesaccountforthemajorityofapplications(Clark1997):
. Arc/InfomarketedbytheEnvironmentalSystemsResearchInstitute(ESRI)(http://www.ersi.com)
. ArcViewalsomarketedbyERSI
. Atlas*GISoriginallymarketedbyStrategicMappingIncorporatedandlatersoldtoClaritaswhich
inturnwaspurchasedin1996byESRI(http://www.stratmap.com)
. GeographicalResourcesAnalysisSupportSystem(GRASS)whichis publicdomainsoftware
developedbytheU.S.ArmyCorpsofEngineers(USACE)ConstructionE gineeringResearch
Laboratory(CERL)(http://www.cecer.army.mil)
. IDRISI developed,istributed,andsupportedby theClarkUniversityGraduateSchoolof
Geography
. MaplnfomarketedbyMaplnfoCorporation(http://www.mapinfo.com)
. MaptitudemarketedbytheCaliperCorporation(http://www.caliper.com)
. MicrostationMGE marketedbyIntergraphCorp.(htto://www.inter1!raDh.comlinfrastructure)
ARC/INFO.- Arc/Infois oneof theearliestandstillmostwidelyusedof theavailable
generalizedGIS softwarepackages.ESRI marketingliteratureindicatesthatthecompanyhasover
100,000customersin 120countriesthatuseitsvariousproducts.Clarke(1997)statesthatover
30,000peopleareusingArc/Infoatover7,000organizationsworldwide.Thesoftwareis usedby
federal,state,andlocalgovernmentagencies,businesses,utilities,anduniversitiesforapplicationsi
planning,cartography,transportation,research,telecommunications,oil and gas, forestry,
environmentalmanagement,hydrology,andmanyotherdisciplines. .
Earlyversionsof Arc/Infoweredevelopedfor useon SunworkstationswiththeUnix
operatingsystem,butversionsarecurrentlyavailableforimplementationonawiderangeofcomputer
systems,includinghigher-endmicrocomputers,mostworkstationsystems,andvariousmainframe
computers.Significanteffortisrequiredtobecomeproficientwiththesoftware.Anarrayofmanuals,
references,trainingmaterials,andcoursesareavailabletoassistusers.
Asthenamesuggests,Arc/Infoiscomprisedoftwocomponents,ARC andINFO. ARC isa
systemforworkingwithmapcoordinatedatarepresentinggeographicfeatures.INFO is database
managementsystemforattributedata.ARCIINFOisasetoftoolsforcreating,analyzing,displaying,
andmanagingcomputerizedmapsinvectorformat.Thevectorapproachforstoringdatais used.
Geometricfeaturesof amaparerepresentedbypoints,lines(anarcor setof arcs),andpolygons
(planesenclosedbyarcs).For example,a riverbasinapplicationmightinvolverepresentationof
precipitationa dstreamflowgagesaspoints,streamsasarcs,subwatershedboundariesa arcs,and
subwatershedsas polygons.Theassociatedattributedatamightincludestreamreachlengths,
subwatershedareas,oiltypes,andlanduse.
TheArc/Infosystemprovidesabroadrangeofoptionalcapabilitiesfordatamanagementa d
analysis.A macrolanguageisprovidedfordevelopingcustomizedapplications.Datacanbeedited,
checked,andmanipulatedinvariousways.Datacanbedisplayedinavarietyofgraphicandtextual
formats.Analyticaltoolsareavailableformodelingnetworks,includingthecomputationalt sksof
routing,allocation,anddistricting.Routingdeterminestheoptimumpathsfor themovementof
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resources(suchasvehicles,water,electricity,or pulsesof communication)througha network
(comprisedofroads,pipes,ortelephonelines).Allocationi volvesfindingthenearestcenterforeach
linkinthenetworkthatbestservesthenetwork(suchasfindingtheclosestfirestationfTomeachstreet
withinacity).Districtinginvolvesaggregationfareasboundedbycertainetworks,uchasdividing
acityintodistrictsboundedbyselectedstreets.Attributedatacanthenbedisplayedbydistrict.
ArcView.- ArcViewisdesktop-computerGISsoftwarepackagethatiseasiertolearnanduse
thanArcJInfobutdoesnothavethefullcapabilitiesofArcJInfo.ERSI developedbothArcViewand
ArcJInfo,andthereiscompatibilitybetweenthetwosystems.ArcViewisorientedmoretowardmap
displaythandatabasemanagement.ArcViewprovidescapabilitiesforstoring,modifying,querying,
analyzing,anddisplayinginformationaboutgeographicspace.An intuitivegraphicaluserinterface
facilitatesdatadisplayandviewing.Thesoftwareincludesfeaturesforspatialandtabularqueries,hot
linkstootherprograms,andvarioustypesofgraphics.
HEC-PREPRO.- HEC-PREPROis a GIS preprocessorfor theUSACE Hydrologic
EngineeringCenter(HEC) HydrologicModelingSystem(HMS). The GIS preprocessorwas
developedbyProfessorDavidR Maidment,Universityof TexasCenterfor Researchin Water
Resources,undercontractwiththeHEC. A draftHEC-PREPROuser'sguideandreferencemanual
(HydrologicEngineeringCenter1997)isavailablefTomDr.Maidment'swebsite:
http://civil.ce.utexas.edu/prof7maidment/gishydro/ferdi/research/hecprepro/uguide/uguide.html
aswellasfTomtheHEC. HEC-PREPROiswritteninArcJInfo'sArcMacroLanguage(AML).
As previouslydiscussed,theHydrologicModelingSystem(HEC-HMS) was recently
developedby theHydrologicEngineeringCenterin conjunctionwiththeirNexGenprojecto
incorporateadvancesincomputertechnologyintoHECgeneralizedmodels(HydrologicEngineering
Center1997).TheHEC-HMSisawatershed(precipitation-runoff)modelingpackageforsimulating
floodevents.It istheNexGenversionofthewidelyusedHEC-l FloodHydrographPackage.HEC-
PREPROconvertswatersheddatafTomArcJInfodatabasesintoa formatfor inputtoHEC-HMS.
InputtoHEC-PREPROconsistsofGIS streamcoverage,subbasincoverage,andanelevationgrid
whichistranslatedbytheprogramintoaschematicdatastructureforinputoHEC-HMS.
AvailableMaiorDatabases
TheTexasNaturalResourcesInformationSystem(TNRIS) is thestate'sclearinghouse
andreferralcenterfor naturalresourcesdata(http://www.tnris.state.tx.us).TheTNRIS was
establishedbytheTexasLegislaturein 1968astheTexasWater-OrientedDataBankandin 1972
was designatedthe TNRIS. The TNRIS is an operationalsectionof the TexasWater
DevelopmentBoard.Itspoliciesandguidelinesaresetbyaninteragencytaskforcecomposedof
representativesfTom16of thestate'snaturalresourceagenciesandtheOfficeof theGovernor.
Fundingis providedbythelegislaturethroughtheTWDB. TNRIS is a clearinghousefordata
developedby the federalandstateagenciesandotherentities. In additionto providing
informationregardingdataavailability,theTNRISmaintainsalibraryofdatathatcanbeaccessed
directly.TNRIS operatesageographicinformationsystemprimarilyforsupportof participating
agencymappingrequirements.
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THE TNRIS web site (http://www.tnris.state.tx.us)providesinformationregarding
numerousdatabases.Severalof thedatabasesthatareparticularlypertinentto thetaskof
distributingnaturalizedstreamflowstromgagedto ungagedsitesarecitedas follows. These
databasesarecommonlyusedinconjunctionwithgeographicinformationsystems.
Watershedareascanbedeterminedby a GIS usingDigitalElevationModels(DEM)
developedbytheU.S.GeologicalSurvey(USGS). DEM datafilesaredigitalrepresentationsf
cartographicinformationi a rasterform. A gridof terrainelevationsareprovided.Thedata
filesareproducedbytheUSGS aspartof itsNationalMappingProgramandaresoldin 7.5-
minute,IS-minute,2-arc-second(alsoknownas30-minute),andI-degreeunits.Theextentof
availablecoverageofregionsoftheUnitedStatesvariesbetweenthedifferentscales.
LandUseandLandCover(LULC) dataarealsodevelopedbytheUSGS aspartof the
NationalMappingProgram.LULC datafilesdescribethevegetation,water,naturalsurface,and
culturalfeaturesof thelandsurface.TheLULC mappingprogramis designedso thatthe
standardtopographicmapsof ascaleI :250,000canbeusedforcompilationandorganizationof
thelanduseandlandcoverdata.LULC dataareavailablefor mostof thecontiguousUnited
StatesandHawaii.All LULC featuresaredelineatedbycurvedor straightlinesthatdepicthe
actualboundariesof anarea,commonlyreferredto as a polygon. Thesepolygonshavea
minimumsizeof 10acresor4 hectares.Eachpolygonrepresentsahomogeneouselementinthe
mappingschemethatis labeledwithanintegerorattributecode.Thearcsandnodesarefurther
definedbyax,ypointor stringofpointsthatprovidethedirectionandlocationforthepolygon.
Thisrelationshipmaybedefinedbythelabeledareawithinthepolygonor outsideof it. Such
positionaldatacanbemanipulatedtomeetavarietyofuserneedsbyreprojectingthedataor re-
sealingthem. TheLULC dataareavailablein two differentformats:(1) as a partof the
GeographicInformationRetrievalandAnalysisSystem(GIRAS)and(2)intheCompositeTheme
Grid(CTG)formatwhichisgridcellorientedinsteadofpolygonal.
TheStateSoilGeographic(STATSGO)databasewasdevelopedbytheNaturalResource
ConservationService(NRCS)of theU.S.DepartmentofAgriculture(USDA). STATSGOis a
generalsoilassociationmapdevelopedinconjunctionwiththeNationalCooperativeSoilSurvey
ProgramadministeredbytheNRCS. STATSGOconsistsofabroadbasedinventoryof soilsand
non-soilareasthatoccurinarepeatablepatternonthelandscapeandthatcanbecartographically
shownatthescalemapped.Thesoilmapsfor STATSGOarecompiledbygeneralizingmore
detailedsoil surveymaps. Wheremoredetailedsoilsurveymapsarenot available,dataon
geology,topography,vegetation,andclimateareassembled,togetherwithLandRemoteSensing
Satellite(LANDSAT)images.Soilsof likeareasarestudied,andtheprobableclassificationa d
extentof thesoilsaredetermined.STATSGOwasdesignedfor regional,multi-county,river
basin,state,andmulti-stater sourceplanningandmanagement.
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CHAPTER 3
WATERSHED CHARACTERISTICS
Theprimarywatershedcharacteristicsgoverningstreamflowmaybeoutlinedasfollows.
. precipitationcharacteristics
. watershedarea
. watershedcharacteristicsaffectinghydrologicabstractionsandrunoffvolumes
landcover(landuseandvegetation)
- soils
- antecedentmoistureconditions
. topographiccharacteristicsprimarilyaffectingrunoffresponsetime
-watershedshape
- streamtributaryconfiguration
-watershedslope
- streamchannels ope
. watershedcharacteristicsaffectingsubsurfacebaseflow
soils
- vegetation
soilmoisture
channelbedmaterials
streamchannellength
geology
groundwatertable
Differentprecipitationandwatershedcharacteristicsaffectdifferentaspectsof thestreamflow
hydrographasdiscussedbelow.
PrecioitationCharacteristics
Precipitationisthesourceofsurfaceandsubsurfacewater.Whethertheprecipitationis in
theformof snowfallor rainfallsignificantlyaffectstreamflowcharacteristics,butprecipitationi
Texasis usuallyrainfall.For a givenrainstorm,intensitiesvarygreatlybothtemporallyand
spatially.A stormmaybecenteredoveraparticularsubbasinandmissanadjacentsubbasin,and
thenviceversaforthenextrainfallevent.
In distributingnaturalizedmonthlystreamflowstromagagingstationtovariousungaged
locationsinariverbasin,if accuracyinpredictingflowforparticularhistoricalmonths(sayJune
1967)is theprimaryconcern,thenknowingtheprecipitationfallingin thatmonthovereach
subwatershedwouldbeimportant.However,if onlythelong-termcharacteristicsof streamflows
areof concern,knowingthelong-term eanprecipitationforeachsubbasinisprobablyadequate
forrepresentingdifferencesinprecipitationinthedistributionofstreamflows.
For manywateravailabilitymodelingsituations,the differencesin meanannual
precipitationmaybeinsignificantforrelevantcloselyspacedlocationsina riverbasin.However,
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therewill be applicationsin whichthemeanprecipitationfor an ungagedsubbasinwill be
significantlydifferentthanthegagedwatershedfromwhichstreamflowsarebeingtransferred.
Althoughseasonalpatternsofprecipitationmayvarybetweenregions,annualmeansarestillthe
keycharacteristicobeconsideredindistributingflowstodifferentsiteswithinariverbasin.
WatershedArea
Drainageareasclearlyaffectthestreamflowsfromvarioussubbasinsin a riverbasin.
Drainageareais a key parameterin essentiallyall techniquesfor estimatingdischarge
hydrographs,dailyormonthlyvolumes,peakflows,orotherflowcharacteristicsatungagedsites.
Drainageareais logicallyconsideredtobeaprimarywatershedcharacteristicobeincorporated
in methodsfor transposingmonthlynaturalizedflows fromgagedwatershedsto ungaged
subwatersheds.
OtherWatershedCharacteristicsGovernin2SurfaceRunotT
The watershedcharacteristicsgoverningthe hydrologicprocessesthat partition
precipitationinto hydrologicabstractions( urfacestorage,infiltration,soil moisture,and
evapotranspiration)andstreamflowcanbecategorizedasfollows.
. watershedcharacteristicsaffectingrunoffvolumes
landcover
- soils
- antecedentmoistureconditions
. topographiccharacteristicsprimarilyaffectingrunoffresponsetime
- watershedshapeandslope
- streamtributaryconfigurationa dchannels opes
Thetremendousamountof workreportedin theliteratureon thesubjectof watershed
modelingprovidesinsightintotherelevanceof variouswatershedcharacteristicsn estimating
streamflows.TheHydrologicEngineeringCenter'sHydrologicModelingSystem(HEC-HMS)
andits predecessorHEC-J areusedasanexampleherebecauseitherversionof theHEC
modelingpackageprovidesa comprehensivearrayof alternativewidely-acceptedhydrologic
analysismethods(HydrologicEngineeringCenter1998).
In HEC-J, HEC-HMS,andthevariousothersinglerainfalleventwatershedmodels,the
precipitation-runoffprocessisrepresentedinthreephases.
Phase1: Foreachsubbasin,precipitationistransformedtorunoffvolumesbysubtracting
hydrologicabstractions.
Phase2: Foreachsubbasin,runoffvolumesareconvertedtodischargehydrographs.
Phase3: Flowsareroutedthroughstreamreaches,andhydrographsfromdifferentsubbasins
arecombined.
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Thephase2 and3 computationsareperformedaftercompletionofphase1andhavenoaffecton
runoffvolumes.Thesingle-eventmodelsprovideadetailedsimulationofthewatershedresponse
toarainstormthatresultsinflowsratesatcomputationaltimestepsof severalminutestoa few
hours.Thus,theentirehydrographfor theseveral-hoursto several-daysrainfall-runoffeventis
preciselydefined.ContinuousmodelsliketheSoilandWaterAssessmentTool(SWAT)compute
dailyrunoffvolumeswithoutneedingtodefinetheinstantaneousflowrateswithinaday. Thus,
thephase2 computationsotedabovearenotperformed.Likewise,indealingwithnaturalized
monthlyflows,thephase2and3processesareof littleornoconcern.
Thepointhereisthatwatershedcharacteristicsassociatedwithphase1areimportantin
distributingmonthlynaturalizedflows trom gagedto ungagedsites,but the watershed
characteristicsassociatedwithphase2 areofrelativelittleimportance.Thecollectivexperience
inwatershedmodelingindicatesthat:
· Watershedcharacteristicsaffectingrunoffvolumesuchasantecedentmoistureconditions,
landcover,andsoils,areveryrelevanttotheproblemofestimatingmonthlyflowsequences
forungagedlocations.
· Topographiccharacteristicsprimarilyaffectingrunoffresponsetime,suchaswatershedshape,
streamtributaryconfiguration,andwatershedandchannels opes,aremuchlessrelevant.
TheHEC-l/HEC-HMS optionsfordeterminingthedirectrunoffvolumesto resultrom
precipitationi cludetheNaturalResourceConservationService(NRCS)curvenumber,Green
andAmpt,andHoltanmethodswhichincorporateparametersrepresentingphysicalcharacteristics
of thewatershedandtheexponentialndinitiaVuniformethodswhicharecompletelyempirical
requiringcalibrationstudies.Drainageareais a keyparameterin allthemethods.Theother
parametersa sociatedwiththerelevantthreemethodsareindicatedinTable3.1.
Table3.1 WatershedRunoffVolumeParametersinHEC-l Options
Method WatershedParameters WatershedCharacteristics
NRCSCurveNumber curvenumber landcover,soiltype
antecedentmoisture
soilcharacteristics
antecedentmoisture
GreenandAmpt hydraulicconductivity
effectiveporosity
suctionhead
growthindex
ercolationrate
vegetation
soiltVDe
Holtan
An arrayofoptionsareincorporatedinHEC-l andHEC-HMStoconvertrunoffvolumes
to dischargehydrographs. The watershedparametersincorporatedin thethreealternative
syntheticunithydrographmethods,inadditiontodrainagearea,are.asfollows.
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NRCSMethod
SynderMethod
lagtimewhichisafunctionofwatershedslope,
basinhydrauliclength,andcurvenumber
lagtimewhichisafunctionofstoragecoefficients,
basinhydrauliclength,anddistancetobasincentroid
ClarkMethod storagecoefficient,timeofconcentration,
andtime-arearelationship
Theseparametersarerelatedprimarilyto thetimerequiredfor therainfallto run off the
watershedandreachtheoutlet.Thetopographiccharacteristicsof thebasingoverntherunoff
responsetimeandshapethedischargehydrographbutdonotaffectrunoffvolumesinthemodel.
Thesetypesoftopographicparametersareimportantinpredictinginstantaneouspeakfloodflow
ratesbutaremuchlessimportantindeterminingdailyormonthlyflowvolumes.
WatershedCharacteristicsAtTectin2BaseFlow
BaseflowenteringthestreamITomsubsurfacewateris perhapsthemostcomplexaspect
of streamflowtocharacterize.Fortunately,toa largeextent,baseflowcanbeexpectedtovary
betweenlocationsinroughlyabouthesameproportionassurfacerunoff Thus,flowdistribution
methodsthatdealwithtotalflows,withoutseparatingsurfacerunoffandbaseflow,areprobably
adequateinmostcases,butmaypresentproblemsinsomewatersheds.Baseflowdependsupon
variousurfaceandsubsurfaceharacteristicsofthewatershedincluding:
· therelationshipbetweenthegroundwatertableandstreamchannelbottomelevations
. geologiconditionsaffectingtheflowthroughthesaturatedzone
· soilcharacteristicsandmoistureconditionsaffectingflowthroughtheunsaturatedzone
· streamlengthandwidthandchannelbedmaterials
· vegetationi thewatershedandalongthestreambanksaffectingtranspirationlosses
TherehavebeentwogeneralstrategiesforseparatingbaseflowITomsurfacerunoff One
approachincludesvariousempirical,largelyjudgmentalmethodsof analyzingobserved
hydrographsatgagingstations.Theotherapproachinvolvescomprehensivewateraccounting
algorithmsbuiltintowatershedcomputermodels.
KevWatershedCharacteristicsforTransferrin
Basedupontheconsiderationsoutlinedin thepreviousparagraphs,themostrelevant
watershedcharacteristicstobeincorporatedintoapproachesfordistributingnaturalizedmonthly
streamflowsITomgagedtoungagedwatershedsareasfollows.
1. drainagearea
2. soiltypeandlandcoverwhichmaybecombinedintoaNRCScurvenumber
3. meanprecipitation
4. antecedentmoistureconditionwhichmayalsobereflectedinthecurvenumber
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CHAPTER 4
METHODS FOR DISTRIBUTING FLOWS
FROM GAGED TO UNGAGED SITES
Chapter1,page1includesalistofgeneralapproachesforestimatingmonthlynaturalized
streamflowsfor ungagedsubwatershedsbaseduponnaturalizedflowsatgagingstations.The
followingdiscussionof alternativemethodsi organizedbasedonthecategorizationf general
approachesreflectedinthatlist.
DistributionofFlowsinProportiontoDraina2eArea
Applicationof drainagearearatiosisthesimplestandperhapsmostwidelyusedmethod
for distributingflowsITomgagedto ungagedsites. Thishasbeenthepredominantmethod
adoptedin wateravailabilitymodelingstudiesconductedby theTNRCC andits predecessor
agencIes.
Thestreamflowperunitareaofwatershedisassumedconstant.Themonthlynaturalized
flowQungagedattheungagedsiteisrelatedtothecorrespondingaturalizedflowatthegageQgagc
bytheratioofdrainageareasAungagcdan Agagcabovethegagingstationandungagedsite.
Q Q
(
Aungaged
Jungaged - gage Agage
(4-1)
In Figure1.1,theflow eachmonthat site5 is estimatedasa functionof flowatgageD as
follows.
The flowsat site 12 couldbe estimatedsimilarlyas a functionof totalflowsat gageA.
Alternatively,theflowsatsite12couldbeestimatedasa functionof theincrementallocalflows
atgageA computedas
Qincremental= QA - QB - Qc
Aincremenatal= AA - Aa - Ac
(
AI2
)Q = QincrementalA I12 incrementa
Flowsatsite1maybeestimatedbyanarea-weightedaveragingofflowsatgagesA, B, andC.
Alternatively,flowscouldbeestimatedasa nonlinearfunctionof drainagearearatioas
follows
25
( ]
N
Aungaged
Qungaged= Qgage A
gage
(4-2)
withtheexponentN beingdeterminedtromempiricalnalysesofgagedflowsatmanydifferent
gagingstations.
Althoughthedrainageratioapproachislogicalandhasbeenwidelyapplied,theliterature
reviewhasuncoverednoworkdealingspecificallywithevaluatingthevalidityofusingdrainage
arearatiostodistributeflows.Anevaluationofthedrainagearearatioapproachisincludedinthe
analysesofavailablenaturalizedflowsatselectedgagingstationsintheBrazos,SanJacinto,and
SulphurRiverBasinsreportedinChapters5and6. Thedrainageareais alsoakeyparameterin
alltheotherapproachesconsideredinthisinvestigation.
FlowDistributionEauationwithWatershedParameterRatios
Murthyetat.(1975)describearlywateravailabilitymodelingconceptsdevelopedbythe
TexasWaterRightsCommission(apredecessoroftheTNRCC)andapplicationtotheGuadalupe
River Basin. The followingequationis presentedfor distributingstormrunoff to the
subwatershedsbetweengagingstations:
SWRF:I = SRFj (
!!L
]
CI
(
~
]
C2
(
~
]
C3
(
rdcj
]
C4
Aj DDj CNj RDCj
(4-3)
whereSWRFjandSRFjaretherunofftromsubwatershedi andwatershedj, respectively;~and
Ai arethedrainageareasof subwatershedi andwatershedj; ddjandDDj aredrainagedensities;
cnjandCNj arehydrologicharacteristicnumbers;andrdcjandRDCj arerainfalldistribution
coefficientsfor ungagedsubwatershedi andgagedwatershedj. Thedrainagedensity(ddand
DD) is definedasthetotallengthof mainstreamandtributariesperunitdrainagearea. The
hydrologicharacteristicnumber(cnandCN) isdeterminedbasedonsoilcharacteristicsandland
useinthewatershed.Rainfalldistributioncoefficientsarecomputedtrommonthlyrainfallrecords
andtheirprobabilitydistributions.Murthyetat.(1975)donotexplainhowtheexponentsC1,
C2,C3,andC4aredetermined.Presumably,estimatescouldbedevelopedbasedonanalysesof
flowsatmultiplegagingstations.
If C2, C3, andC4 arezero,Equation4-3 reducesto Equation4-2. Althoughthe
parametersin Equation4-3andperhapsotherswereinvestigatedduringthewateravailability
modelingstudiesconductedbytheTexasWaterRightsCommission,TexasDepartmentofWater
Resources,andTexasWaterCommissionduringthe1970'sand1980's,thedrainagearearatio
wasthepredominantparameterusedtodistributeflows.
Thedrainagearea(A) andcurvenumber(CN)areparametersforbothEquation4-3and
theadaptationof theNRCS curvenumbermethod(Equation4-4)describednext. Withthe
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drainagedensityandrainfalldistributioncoefficientratiossetequalto one,Equation4-3reduces
tothefollowing.
Cl
( )
C3
a. en;
SWRF, = SRFj(AJ CN,
A simple xercisewasperformedin conjunctionwiththepresentinvestigationto comparethis
equationwith theNRCS curvenumbermethod.The exponentCI wassetequalto one,
consistentwiththeNRCS equation,andanattemptwasmadeto determineavaluefor C3that
wouldresultin the equationsprovidingsimilarresults. However,theaboveequationis
fundamentallydifferentfromtheNRCS curvenumberequationandwill yieldsignificantly
differentresultsif thecurvenumbersfor thegagedandungagedwatershedsaresignificantly
different.Theequationaboveprovidesalinearelationshipbetweentheflowsatthegagedand
ungagedsites. Theadaptationof theNRCS curvenumberprovidesa nonlinearrelationship
betweenflowsatthedifferentsites.Thenonlinearityissignificant.
Theapproachpresentednextis consideredto bepreferableto theuseof Equation4-3
sincetheformoftheNRCSequationismorerealistic,andithasbeenusedinmanydifferenttypes
of applications.Theuseof drainagedensityratiosarenotincorporatedin theNRCS method.
However,drainagedensitiesare somewhatarbitraryto estimatebecauseof difficultiesin
determiningthedistanceto extendthetributarystreamlengthmeasurements.The approach
outlinedbelowincorporatesmeanprecipitationinamorestraight-forwardmannerthantherainfall
coefficientinEquation4-3.
NRCS CurveNumberMethodAdaDtation
TheNaturalResourceConservationService(NRCS)curvenumber(CN)methodisbased
onthefollowingrelationshipbetweenrainfalldepth,P ininches,andrunoffdepth,Q ininches.
Q = (P-0.2S)2P+0.8S
Q=O
where S =1,000
CN -10 (4-4)
if P < 0.2S
P andQ in inchesmustbemultipliedbythewatershedareato obtainvolumes.Thepotential
maximumretention,S in inches,representsanupperlimitontheamountof waterthatcanbe
abstractedby the watershedthroughsurfacestorage,infiltration,and other hydrologic
abstractions.For convenience,S is expressedin termsof a curvenumberCN, whichis a
dimensionlesswatershedparameterrangingfrom0 to 100. A CN of 100representsa limiting
conditionof a perfectlyimperviouswatershedwithzeroretentionandthusall the rainfall
becomingrunoff A CN of zeroconceptuallyrepresentsheotherextremewiththewatershed
abstractingallrainfallwithnorunoffregardlessoftherainfallamount.
ThewatershedparameterCNcanbedeterminedfromempiricalinformation,suchasthat
reproducedasTable4.1,developedbytheNRCS asa functionof watershedsoil type,land
cover/use/condition,andantecedentmoisturecondition.
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Table4.1 WatershedCurveNumbers(McCuen1998)
CllrveNumbers(or
CurveNumbersfor
HydrologicSoil Group
HydrologicSoil Group
Hydrologic
LandUseDescription A B C
D LandUseDescription Tretmentnr Prctice Condition A B C D
Fullydevelopedurbanareas'(vegetationestablished)
Conlnured:mdtelTaces Poor 66 74 80 82
Lawns.openspaces,paries.golfcourses,cemeteries.etc.
ConlouredandlelTces Good 62 71 78 81
Goodcondition;grasscoveron75%ormoreof thearea 39 61
74 110
Contourel!anI!lelTa<'es Poor 65 73 79 81
Faircondition;grasscoveron50%1075%of Ihearea 49 69
7'1 114
:mll\O,'n,,,"rv:lli,Intillngc Good 6] 70 77 80
poorcondition;grasscoveron50%or lesso( Ihearea 611 79 116
X'I SI1111 rain Slra'j!hlr.." Poor 65 76 84 88
PavedparkinglOIS,roofs,driveways,elc. 98
911 9K 'IX
Slra'j!hlr.." Gooo 63 75 83 87
StreetSandroads
Cnn'C:r\.lllIu,IIII:It!( Poor 64 75 83 86
Pavedwith curbsandstOrTnsewcrs 911 911 911 'IX
r...",,'r\:,IO..n101I,,!!e Good 60 72 80 84
Gravel 76 85 K'I '/I
Cnn1nurel! Poor 63 74 82 85
Dirt 72 82 K7 1\'1
Contuure,l Good 61 73 81 84
Pavedwithopenditches 83 89 92 'IJ
Conlnurel! ;1I11! Poor 62 73 81 84
cnnservalinnlilla!:!e Good 60 72 80 83
Average% impervious
ContouredanI!lelT;lCeS Poor 61 72 79 82
Commercialandbusinessareas 85 89 92 94 95
Conlllurel!anI!lelTaces Good 59 70 78 81
Industrialdistricts 72 81 88 91 93
ContouredanI!lelTaces Poor 60 71 78 81
Rowhouses.townhouses,andresidentialwithlotssizes 65 77 85 C}() 92
anI!conser\'a1iontillage Good 58 69 77 80
1/8acreor less
Close-seeded Sirail:!hlrow Poor 66 77 85 89
N Residential:averagelotsize
legumes Slrai!:!hlrnw Good 58 72 81 85
00 1/4acre
rottions Conlourel! Poor
38 61 75 83 117
64 75 83 85
1/3acre 30 57 72 81 86
meadows' Conlourel! Good 55 69 78 83
112acre 25 54 70 80 85
Cc,nlouredanI!telTaces Poor 63 73 80 83
I acre 20 51 68 79 84
Conlllurel!;ml!lerrJl'eS Good 51 67 76 80
2acre \2 46 65 77 82
Noncultivaledagriculturalland
Developingurbanareas'(novegetationestablished)
Paslureor range No mech:mi:lllrealment Poor 68 79 86 89
Newlygradedarea 77 86 91 94
No mechanicaltreatmenl Fair 49 69 79 84
Westerndeserturbanareas
No mech:micaltreatmenl Good 39 61 74 80
NalUraIdesertlandscaping(perviousareaonlyt 63 77 85 KK
Cuntourel! Poor 47 67 81 88
Artificialdesertlandscaping 96 96 96 96
Conlnuretl Fair 25 59 75 83
Conlourel! Good 6 35 70 79
CurveNumbersfor
Meadow - 30 58 71 78
HydrologicSoilGroup Forestland-grassor
Poor 55 73 82 86
Hydrologic orchords-<:vergreen
Fair 44 65 76 82
LandUseDescription TreatmentorPracticed Condition A B C D
deciduous Good 32 58 72 79
CultivatedagrlcullUralland
Brush Poor 48 67 77 83
Fallow Straightrowor baresoil 77 86 9\ 94
Fair 35 56 70 77
Conservationtillage
. Good 30 48 65 73
Poor 76 85 90 93 Woods
Conservationtillage Good 74 83 88 90
Poor 45 66 77 83
Rowcrops Straightrow Poor 72 81 88 91
Fair 36 60 73 79
Straightrow Good 67 78 8S K9
Good 2S 55 70 77
FrTnsteads
Conservationtillage Poor 71 80 87 90
- 59 74 82 86
Conservationtillage Good 64 75 82 85
Foresl.range
Contoured Poor 70 79 84 K8
Herbaceous Poor 80 87 93
Contoured Good 6S 7S 82 86
Fair 71 81 89
Contouredand Poor 69 78 83 87
Good 62 74 85
conservationtillage Good 64 74 8\ 85
Oak-aspen Poor 66 74 79
Fair 48 57 63
Good 30 41 48
Thesoilgroupsandhydrologiconditionsin Table4.1arebaseduponstandardNRCS
classificationprocedures.TheNRCShasclassifiedsoilsthroughouttheUnitedStatesincounty
soilssurveysandsoilsdatabases.Soilsarecategorizedasfollows.
GroupA: deepsand;deeploess;aggregatedsilts(infiltration0.30-0.45inch/hour)
GroupB: shallowloess;sandyloam(infiltration0.15-0.30inch/hour)
GroupC: clayloams;shallowsandyloam;soilslowinorganicontent;
soilsusuallyhighinclay(infiltration0.05-0.15inch/hour)
GroupD: soilsthatswellsignificantlywhenwet;heavyplasticlays;
certainsalinesoils(infiltration0-0.15inch/hour)
Hydrologiconditionisdefinedasfollows.
Poor: heavilygrazedorregularlyburnedareaswithlessthan50%oftheground
surfaceprotectedbyplantcoverortreecanopy.
moderatewith50to75%ofthegroundsurfaceprotectedbyvegetation.
heavyordensecoverwithmorethan75%ofthegroundsurface
protectedbyvegetation.
Fair:
Good:
TheCN valuesin Table4.1areforaverageantecedentmoistureconditions.TheNRCS
proceduresalsoallowadjustmentsforeitherwetordryantecedentconditions.
For awatershedwithsubareasof differentsoiltypesandlandcover,a compositeCN is
determinedbyweightingtheCN'sforthedifferentsubareasinproportiontolandareaassociated
witheach.
compositeCN =CN1(%area1)+CN2(%area2)+...+CNN(%areaN) (4-5)
ThecurvenumberCN methodatesbackto the1950'sandis basedonextensivefield
testsconductedby theSoil ConservationService(renamedNaturalResourceConservation
Service).The methodis describedby theSoil ConservationService(1985),a numberof
hydrologytextbooksincludingMcCuen(1998),andnumerousotherreferences.Ponceand
Hawkins(1996)reviewthe importantrole playedby the methodand its strengthsand
weaknesses.Thestandardreferencesallreproducethetablesof empiricalinformation,suchas
Table4.1,developedbytheNRCStofacilitatestimationof theCN asafunctionof watershed
characteristics.Thetechniqueiswidelyusedbywateragencies,consultingfirms,anduniversities
intheUnitedStatesandabroad.TheCNmethodhasbeenwidelyappliedlargelybecauseit is
easyto use,empiricalinformationi cludingsoilsandlandusedatabasesare availablefor
estimatingthesingleparameterCN, andit is supportedby a majorfederalagency.The CN
methodhasbeenwidelycriticizeduetoitsoversimplicity.
TheCN methodwasdevelopedto computethetotalrunoffvolumeQ giventhetotal
depthP for a rainstorm.Theoriginalmotivationi the1950'swasto developatechniquefor
evaluatingtheimpactofagriculturalctivitiesonrunoffvolumes.However,themethodhassince
beenappliedto a muchbroaderangeof urbanandagriculturalwatershedmodelingsituations
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thanoriginallyenvisioned.TheHEC-l FloodHydrographPackageandHEC-HMS Hydrologic
ModelingSystemapplytheCN equationtoobtaintherunofftromeachsmalltimeincrementof
rainfallduringa rainfallevent(HydrologicEngineeringCenter1998). The Soil andWater
AssessmentTool (SWAT) appliestheCN equationto obtaintherunofffromdailyrainfall
amounts.TheCN methodis incorporatedinvariousothercomplexcomputermodelsandsimple
manualcomputationprocedures.
Thepresentresearchincludesaninvestigationf thevalidityofapplyingtheCN method
totransfermonthlyflowstromgagedtoungagedlocations.Althoughthemethodwasdeveloped
todeterminetherunofftromsinglestormevents,it mightalsobeareasonableapproximationfor
monthlyvalues.Observationsof gageddataindicatethattherunoffvolumeassociatedwitha
particularprecipitationdepthtendsto varygreatlybetweenstormevents.The CN number
method,like otherapproachesdiscussedhere,estimatesthemeanrunoffassociatedwitha
particularprecipitationdepthandmaybesignificantlyin errorfor a particularainfallevent.
Golding(1997)notesthatthefit of measuredatato theCN relationshipimproveswith
aggregationsuchthatestimatingmonthlyrunofftrommonthlyrainfallhaslessscatterthanfor
dailyvalues.AlthoughtheoriginalCN methodoesnotincludebaseflow,theprocedurefor
distributingnaturalizedflowsoutlinedbelowdistributesallof theflowincludingbaseflowinthe
sameproportionasrunoff.
Thefollowingproposedprocedurefor distributingmonthlynaturalizedflowsatoneor
moregagingstationsto anungagedsiteis anadaptationof theCN relationship.Therequired
dataconsistsof monthlynaturalizedflowsat thegagingstationanddrainageareasA and
watershedcurvenumbersCN forboththegagelocationandtheungagedsite. TheCN canbe
estimatedusingstandardproceduresithermanuallyortromGIS-basedatabasesof soiltypeand
landuse.Likewise,thedrainageareascanbedeterminedithermanuallyorbyGIS. Optionally,
thelong-term eanprecipitationM maybeinputforboththewatershedandsubwatershedforthe
precipitationadjustmentoutlinedin step3. Thefollowingcomputationsareperformedforeach
month.
Step1: Theflow at thegage,in acre-feet/month,is dividedbythedrainageareaAgageand
multipliedbyaunitconversionfactortoconverttoanequivalentdepthQgage ininches.
Step2: Qgage is inputtothecurvenumberequation(Equation4-4)toobtainPgagein inches.An
iterativemethodis requiredto solveEquation4-4 for P. This approximationfor
precipitationdepthisassumedtobeapplicabletotheungagedsubwatershedaswellasthe
gagedwatershed.Baseflowisbeingdistributedalongwithstormrunoff,all in thesame
proportion.
Step3: If thelong-term eanprecipitationvariesbetweenthewatershedandsubwatershed,the
precipitationdepthmayoptionallybeadjustedbymultiplyingPgagebytheratioofthelong-
termmeanprecipitationdepthof thesubwatershedto thatof thewatershedto obtaina
Pungagcdadjustedinproportiontomeanprecipitation.
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(
Mungaged
Jadjusted Pungaged= Pgage M gage
(4-6)
whereMungagedandMgagedarethemeanprecipitationfor theungagedsubwatershedand
gagedwatershed.Otherwise,Pungagedis assumedequaltoPgage.
Step4: Pungagedis inputintoEquation4-4to obtainQungagedin inches. Qungagedin inchesis
multipliedbyAungagedan aunitconversionfactortoconverttoflowinacre-feet/month.
Re2ressionofFlowsatGa2eswithWatershedParameters
TheTNRCC (1997)presentsa setof threealternativemethodologiesproposedbythe
USGSfordevelopingnaturalizedmonthlyflowsatungagedsites.TheUSGS hasidentified76
streamgagesinTexaswithatleasta40yearperiod-of-recordofunregulated/nonurbanizedflow
dataandanadditional354stationswithbetween5 and40yearsof unregulated/nonurbanized
flowdata.Theobjectiveistodeviseaschemeforrelatingflowsatungagedsitesto theflowsat
thesegagesbaseduponmeasurablecharacteristicsof thegagedandungagedwatershedssuchas
drainagearea,majorchannellengthandslope,andabasinshapefactordefinedastheratioofthe
majorchannellengthtothemeanbasinwidth.
A databaseof naturalizedmonthlyflows at thegageswouldbe developedby (1)
naturalizingthegagedflowsbyadjustmentsto removetheeffectsof humanwateruseand(2)
extendingflowsatgageswithshortrecordsbyregressingwithflowsatgageswithlongerecords.
A databaseofthewatershedcharacteristicsforeachgagewouldalsobedeveloped.
ThefirstalternativeUSGSprocedureoutlinedbytheTNRCC(1997)wouldbebasedona
regressionstudyto developa setof equationsto relateflowsatungagedlocationsto thoseat
selectedgagesbasedonwatershedcharacteristics.Thesecondalternativeprocedurewouldbe
basedonrelatingflowduration-curvesatungagedsitesto theflow-durationcurvesat selected
gagesbasedonwatershedcharacteristics.Thethirdprocedureis basedonincorporatingshort-
termflowmeasurementsa theotherwiseungagedsitesintotheanalyses.
Rainfall-RunoffRelationshiDs
Linsleyet aI. (1982)andotherhydrologybooksreviewthepracticeof developing
relationsbetweenprecipitationa drunoffusingrecordedatatromprecipitationa dstreamflow
gages,foramonthly,seasonal,orannualtimeinterval.Annualdatatypicallyexhibitlessscatter
thanmonthlydata.Thegeneralformoftherelationshipis illustratedbytheannualprecipitation-
runoffrelationreproducedasFigure4.1for the4,460mile2(11,550km2)watershedof the
MerrimackRiveraboveLawrence,Massachusetts.
Runoffvolumeexpressedasanequivalentdepthcoveringthewatershedarearepresents
themeasuredflowvolumesfortheselectedtimeintervalata streamflowgage.Precipitationis
typicallydeterminedby spatiallyaveragingtherecordsof severalprecipitationgagesin the
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watershedabovethestreamflowgage.Gagedprecipitationdepths,in inchesor millimeters,are
relatedto runoffvolumeasadepthequivalentin inchesormm. Standardregressiontechniques
maybeusedto expresstherelationshipasanequation.Theprecipitation-runoffrelationshipfor
gagedwatershedsi assumedto be applicableto otherungagedwatersheds.Precipitation
estimatesfor a subwatershedwithno streamgagearecombinedwiththeprecipitation-runoff
relationshipto obtaintherunoffdepthwhichis thencombinedwiththesubwatersheddrainage
areatoobtainthevolumeinacre-feetorotherunitsfortheungagedsite.
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Figure4.1RelationshipBetweenAnnualPrecipitationandRunoff
fortheMerrimackRiverBasin(Linsleyetal.1982)
Reed,Maidment,andPatoux(1997)usedaprecipitation-runoffrelationshipn developing
therunoffportionof awaterbalancefor thestateof Texas.Thisstudyincludedconstructing
independentmodelsforanatmosphericwaterbalance,a soilwaterbalance,anda surfacewater
balance.Thesurfacewaterbalanceresultedingage-calibratedmapsof meanannualrunoffand
evaporationfor theentirestateona 500metersgrid. A rainfall-runoffrelationshipwasusedto
estimaterunoffinungagedareas.
Variationsof theprocedureadoptedby Reed,Maidment,andPatoux(1997)maybe
adaptedto variousapplications.Thegeneralprocedurefor determiningrunofftromungaged
subwatershedsof a largergagedwatershedbasedon spatialvariationsin precipitationis as
follows.
32
--
JS
.\0
en
Q) S.J::.
U
C.-
--0
C
:J
a: \S....
co
Q)
>-.
\0....
Q)
+-'
co
3: s
0 "
0
i..{"
) g.;£
o 'A
0
g. 0
00
n-
O v
1/0 poo
D 0
)
.--" 0
"
. A curveofannualrainfalldepth,inmillimeters,versusrunoffvolumeasadepthequivalent,in
mm, is developedusingrecordedstreamflowand rainfallmeasurementsfor numerous
watershedsthroughoutthestate.
. Recordedprecipitationatappropriategagesisspatiallyaveragedtoestimateheprecipitation
for a subwatershed.This precipitationdepthis combinedwith theprecipitation-runoff
relationshiptoestimaterunofforungagedareas.
. Flowaccumulationcomputationsproceedfromupstreamtodownstream.Therunoffvolume
asanequivalentdepthinmmfromeachadditionalincrementaldrainageareais determinedas
notedabove.Thecumulativevolumeinm3isdeterminedbyconvertingtherunoffdepthsof
upstreamsubareastom3andsumming.
. At thestreamgagingstationattheoutletoftheoverallwatershedtherunoffvolumestimated
usingthegeneralizedannualprecipitation-runoffcurveiscomparedtotherunoffmeasuredat
thegage. The differencebetweengagedandestimatedis treatedas a correctionto be
distributedbackthroughoutthesubareasofthewatershed.
Theuseof precipitation-runoffrelationshipsto distributeflowsfromgagedto ungaged
locationsallowsthe flowsto varybetweenlocationsin responseto spatialvariationsin
precipitationasestimatedbyrecordedmeasurementsa multipleprecipitationgages.However,
thisprocedureby itselfdoesnotreflectdifferencesin subwatershedcharacteristicsotherthan
drainageareaandprecipitation.
ComouterModelsofWatershedBvdrolo2V
Aspreviouslydiscussed,generalizedwatershedmodelsareavailablethatcomputesequencesof
dailyormonthlystreamflowsforgivenprecipitationinput.ThepracticalityofadoptingtheSoiland
WaterAssessmentTool(SWA1)or otherhydrologicsimulationmodelsfor developingnaturalized
monthlyflowsforungagedwatershedsisinvestigatedasapartofthisstudy.
AsdiscussedinChapter2,wateraccountingroutinesareincorporatedinwatershedmodelsto
simulationsurfacestorage,surfacerunoff:infiltration,soilmoisture,vapotranspiration,groundwater
storage/flow,andstreamflow.A riverbasinis dividedintosubbasinsandflowscomputedatall
pertinentlocations.
Computermodels imulatingriverbasinhydrologyhaveadvantagesanddisadvantages
relativeto thesimplermethodspreviouslydiscussed.Watershed(precipitation-runoff)models
contributeto a greaterunderstandingof thehydrologicprocessesgoverningstreamflowsin the
basin.Modelsalsoprovidecapabilitiesfordealingwithcomplexitiessuchassubsurface/surface
waterinteractions.However,awatershedmodelingstudyrequiresconsiderableexpertise,time,
andeffort.Moreinputdatais needed.Additionalsophisticationreflectedinawatershedmodel
maynot necessarilyresultin significantimprovementsin theaccuracyof naturalizedflow
estimates.
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A varietyof alternativestrategiescouldbeformulatedforapplyingawatershedmodelto
developnaturalizedflows. The conventionalpproachfor applyinga modelinvolvesthe
followingtasks.
1. Sequencesof recordedailyprecipitationdepthsatallrelevantprecipitationgagingstations
areprovidedasmodelinput.
2. Theriverbasinis dividedintosubbasinsto obtainflowsatall pertinentlocations.Initial
valuesfortheparametersareestimatedforallsubbasinsandstreamroutingreaches.
3. A calibrationstudyis performedin whichparametersareiterativelyadjusteduntilthe
computedflowsreasonablymatchtheobservedflowsatstreamgagingstations.
4. Thecalibratedmodelis executedwithgivenprecipitationi putto obtainsequencesof daily
flowsatallpertinentlocations.ThedailyflowsareaggregatedtoobtainmontWyflows.
A simplerflowdistributionapproachwasinvestigatedinthisstudy(Chapter6) thatstill
incorporatesthecapabilitiesprovidedbyawatershedsimulationmodel.Thisapproachinvolves
applyingSWAT with optionsrequiringminimalinputto developrelationships(regression
equations)betweenflowsatgagedandungagedlocations.Theregressionequationsarethen
combinedwiththeknownnaturalizedflowsatthegagetoobtainflowsattheungagedsite.
ThewatershedofFigure1.1isusedtoillustratethisgeneralapproach.Period-of-analysis
sequencesofdailyrainfallobservationsatoneormoreprecipitationgagesareprovidedasinput.
Alternatively,thesyntheticrainfallgenerationoptionin SWATcouldbeusedwithonlyonegage
ftomtheprecipitationstationdatabaseforsimplicity.GIS isusedtodelineatedrainageareas.As
discussedin Chapter5, therequiredweatherdataandwatershedparametersareobtainedftom
existingdatabasesthroughtheSWAT/GISInterface.SWATperformscomputationsu ingadaily
timestepwithresultsaggregatedto montWyvalues.Modeloutputwouldincludenaturalized
montWystreamflowsatthefivegagingstationsand12ungagedsitesshowninFigure1.1.These
flowswill beapproximateandwill notmatchthealreadyknownnaturalizedflowsat thefive
gages.However,theflowsshouldrepresentspatialconsistencysuchthatheywouldbeadequate
fordevelopingrelationshipsbetweengagedandungagedlocations.For eachof the12ungaged
sites,theSWAT computedsequenceof montWyflowsfor thatsiteareregressedwiththe
correspondingflows at thenextdownstreamgage,usingstandardleastsquaresregression
techniques.Theregressionequationwilllikelybeoftheform
Qungaged = a + b Q~age
wherethecoefficientsa,b, andc aredeterminedbyapplyingleastsquaresregressionanalysisto
theSWAT outputandwill bedifferentfor eachsite. ThealreadyknownnaturalizedmontWy
flowsat thegage(notthosecomputedwithSWAT) arethensubstitutedintotheregression
equationfor Qgagcto obtainflows for theungagedsiteQungagcd.
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CHAPTER 5
ANALYSES OF NATURALIZEDFLOWS
AT SELECfED GAGING STATIONS
Chapters5and6 summarizetheresultsofanalysesofnaturalizedmonthlystreamflowsat
selectedgagingstationsintheBrazos,SanJacinto,andSuphurRiverBasins.Analysesfor the
stationsintheBrazosandSanJacintoBasinswereincludedintheinitial(June1998)draftofthis
report.Sincethattime,theR. 1.BrandesCompanyundercontractwiththeTNRCC hasmodeled
theTexasportionof theSulphurRiverBasin.Theanalysespresentedin Chapters5 and6 have
beenextendedto includeseveralgagingstationsintheSulphurRiverBasinusingdatafromthe
TNRCC/Brandesstudy.
The relationshipsbetweenflowsfromdifferentsubwatershedsof a river basinare
investigated,andalternativemethodsfortransferringflowsaretested.Chapter5 describesthe
naturalizedmonthlyflow dataadoptedfor the studyandpresentsthe resultsof analyses
comparingflowsatthedifferentgagingstations.Thefollowingtechniquesareapplied:
. scatterplotsofflowsatonelocationversusflowsatanotherlocation
. standardcorrelationandregressionanalysismethods
. comparisonofratiosofflowsatpairsoflocations
Understandingthedegreeof correlationandtherelationshipsbetweentheflowsat different
locationsis fundamentalto formulatingmethodsfor distributingflowsfromgagedto ungaged
sitesandevaluatingtheirvalidity.
The naturalizedflowsdescribedin Chapter5 areusedin Chapter6 in a comparative
evaluationof alternativeapproachesoutlinedin Chapter4 for transferringflows. Analyses
reportedin Chapter6 involvecomputingnaturalizedflowsatlocationsfor whichtheflowsare
knownandthencomparingthecomputedflowswiththeknownflows.
DescriDtionofRiverBasinsandStreamflowData
ThelocationandsizeoftheBrazosandSanJacintoRiverBasinsandtheTexasportionof
theSulphurRiverBasinrelativetoothermajorbasinsinTexasareshownbythemapofFigure
1.2.A mapoftheBrazosandSanJacintoBasinsisprovidedasFigure5.1.
BrazosRiverBasin
TheBrazosRiverBasinencompassesanareaof45,600miles2,withabout43,000miles2
in Texasandtheremainderin NewMexico. Approximately9,750mile2in thenorthwestern
portionofthebasin,includingalltheareainNewMexicoandaportionoftheareain Texas,are
non-contributingtodownstreamflows.Thebasinencompassesabout16percentofthelandarea
ofTexas.Meanannualprecipitationvariesfromabout16inchesinthenorthwestern(upstream)
endofthebasintoover50inchesinthelowerbasinneartheGulfofMexico.In itsuppereaches
in thearidplainsof WestTexas,theBrazosRiveris a saltyintermittents ream.Towardthe
coast,it isarollingriverflowingthroughardwoodbottoms,pastures,andcultivatedfields.The
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LittleRiverandNavasotaRiverwatershedsareinthemorehumidlowerhalfof theBrazosBasin
andconsistofpastures,forests,agriculturalfields,andsmallcities.
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Figure5.1BrazosandSanJacintoRiverBasins
TexasDepartmentofWaterResources(TDWR)Report244(Doughtery1980)describes
141streamgagingstationsin theBrazosRiverBasin. Most aremaintainedby theU.S.
GeologicalSurvey(USGS). Naturalizedmonthlyflowsatthe15USGS streamgagingstations
showninTable5.1andFigure5.2wereadoptedforthisstudy.The15stationsaredividedinto
threegroupsfor purposesof theanalysespresentedin thisreport. Stations1 through7 are
locatedonvarioustributariesin theLittleRiversubbasinandhavedrainageareasrangingfrom
248to7,065mile2.Stations8and9ontheNavasotaRiverhavedrainageareasof968and1,454
mile2.Stations10through15onthemain-stemBrazosRiverhaveverylargedrainageareas
varyingfrom23,810to45,010mile2.
36
Thenaturalizedflowdatausedinthisinvestigationweredevelopedin conjunctionwitha
wateravailabilitymodelingstudyperformedby theTexasDepartmentof WaterResources
(1981).Naturalizedflowsfortheperiod1940-1976weredevelopedbytheTDWR byadjusting
gagedflowsto removetheeffectsof reservoirstorageanddiversionsfor beneficialuse. The
naturalizationprocessincludedadjustmentsfor about40 majorwatersupplyreservoirs,many
smallerstoragefacilities,over400SoilConservationServicefloodretardingdams,andnumerous
diversionsandreturnflows. As indicatedbyTable5.1,theperiod-of-recordfor severalof the
stationsdoesnotcompletelycovertheperiod1940-1976.TheTDWR extendedtherecordsas
necessarybyregressingflowsatthesestationswithflowsatnearbygagingstations,usingthe
MOSS-IV computerprogram(Beard1973).
TheTexasWaterCommission(TWC),theTDWR'ssuccessor,providedthe1940-1976
naturalizedflowsat23USGSgagingstationsdevelopedbytheTDWR (1981)to researchersat
TexasA&M University(TAMU) foruseinthestudydocumentedbyWurbsetal. (1988).Wurbs
etat. (1988)developedanalternativesetof monthlyunregulatedflowsequencescoveringthe
period1900-1984.Gagedflowswereadjustedto removetheeffectsof 21of thelargestwater
supplyreservoirs.FlowsattheRichmondgagewerefurtheradjustedto removetheeffectsof
diversionsthroughtheBrazosRiverAuthorityCanalA andRichmondIrrigationCompanyCanal.
TheTAMU andTWC datasetswerecomparedandfoundtobeverysimilar,indicatingthatthe
fewlargereservoirsconsideredintheTAMU studyaccountformostoftheadjustmentsreflected
inthemuchmoredetailedTDWR/TWCflownaturalizationprocess.
GagedmonthlyflowsattheRichmondandWacogagesontheBrazosRiver(stations15
and13)andCamerongage(station7)ontheLittleRiverareplottedinFigures5.3,5.4,and5.5.
Flow-durationcurvesfor 1940-1976monthlyflowsat thesethreestationsarecomparedin
Figures5.6- 5.8. Annualgaged,TAMU unregulated,andTWC naturalizedflowsarecompared
inTables5.2,5.3,and5.4.Again,theTexasWaterCommission(TWC)naturalizedflowsarethe
USGSgagedflowsadjustedbytheTDWR(TWCpredecessor)asdescribedabove.TheTAMU
regulatedflowsareUSGSgagedflowsadjustedbyWurbsetaI.(1988).
Annualprecipitationfor thewatershedsof theRichmond,Bryan,Waco,andCameron
gagesaretabulatedinTable5.5.(Wurbsetal. 1988).Theprecipitationdepthsareestimatedby
averagingrecordedamountsat8 precipitationgagesfor theLittleRiverwatershedabovethe
Camerongage(station7) and28and41precipitationgages,respectively,for theBrazosRiver
watershedsabovetheWacoandRichmondgages(stations12and15). Theperiods-of-record
varybetweengages,andthemeansforeachyearreflecthegagerecordsavailableforthatyear.
Figures5.9, 5.10,and5.11areplotsof 1940-1976annualprecipitationversusnaturalized
streamflow.Theplotsillustratethescattertypicalof rainfallversusrunoffdata.Monthlydata
tendtohavegreaterscatterthanaggregatedannualmeans.
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Figure 5.2BrazosRiverBasin
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Table5.1 SelectedStreamflowGagingStationsintheBrazosRiverBasin
Nearest USGS Drainage Mean Mean Portionof 1940-1976
Station Stream City Gage Area Flow Flow Coveredby
Number (mile2) (ac-ft/yr). (inches/yr) PeriodofRecord
LittleRiverSubbasin
1 LeonRiver Hasse 08099500 1,261 114,800 1.71 1940-1976
2 LeonRiver Belton 08102500 3,542 518,300 2.74 1940-1976
3 LampasasRiver Youngsport08104000 1,240 210,200 3.18 1940-1976
4 LampasasRiver Belton 08104100 1,321 261,200 3.71 Feb1963- Dee1976
5 N.ForkSanGabriel Georgetown08104700 248 69,600 5.26 Jul1968- Dee1976
6 SanGrabrielRiver Laneport 08105700 738 .189,600 4.82 Aug1965- Dee1976
7 LittleRiver Cameron 08106500 7,065 1,328,500 3.53 1940-1976
NavasotaSubbasin
8 NavasotaRiver Easterly 08110500 968 319,500 6.19 1940-1976
9 NavasotaRiver Bryan 08111000 1,454 391,000 5.04 Jan1951-Dee1976
Mainstream
10 BrazosRiver PaloPinto 08089000 23,810 861,500 0.68 1940-1976
11 BrazosRiver Aquilla 08093100 27,240 1,756,000 1.21 1940-1976
12 BrazosRiver Waco 08096500 29,570 1,934,000 1.23 1940-1976
13 BrazosRiver Bryan 08109000 39,520 4,007,000 1.90 1940-1976
14 BrazosRiver Hempstead08111500 43,880 5,344,000 2.28 1940-1976
15 BrazosRiver Richmond 08114000 45,010 6,401,000 2.67 1940-1976
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Figure5.3MonthlyGagedStreamflowHydrograph
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Figure5.4MonthlyGagedStreamflowHydrograph
atWacoGageonBrazosRiver(Station12)
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Figure5.6Flow-DurationCurvesatRichmondGageonBrazosRiver(Station15)
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Figure5.7Flow-DurationCurvesatWacoGageonBrazosRiver(Station12)
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Table5.2 Comparisonof AnnualFlowsatRichmondGage(Station15)
(Wurbsetat.1988)
AnnualFlowinacre-feet PercentofGaged
TAMU 1WC TAMU 1WC
Year ed Unre lated Naturalized Unre lated Naturalized
1940 7,758,910 7,410,388 7,851,618 95.5 101.2
1941 13,910,500 14,346,378 13,806,657 103.1 99.3
1942 8,296,710 8,505,618 8,517,257 102.5 102.7
1943 2,108,960 2,106,135 1,984,736 99.9 94.1
1944 8,600,480 8,878,290 8,901,381 103.2 103.5
1945 9,659,400 10,058,334 10,075,109 103.7 104.0
1946 8,227,090 8,886,366 8,406,103 108.0 102.8
1947 4,781,200 5,381,676 4,877,188 112.6 102.0
1948 1,697,900 1,892,009 1,873,102 111.4 110.3
1949 4,023,710 4,064,956 4,322,245 101.0 107.4
1950 3,670,770 4,426,907 3,960,416 121.0 107.9
1951 891,910 1,042,432 996,828 116.9 111.8
1952 1,446,990 1,648,562 1,612,838 112.4 110.0
1953 3,668,980 4,419,181 4,606,973 120.4 126.1
1954 1,127,660 1,418,617 1,362,354 126.0 121.0
1955 2,236,590 2,802,870 2,986,883 125.3 134.0
1956 960,020 842,231 898,582 88.0 93.6
1957 14,209,420 13,825,945 14,984,783 97.3 106.0
1958 5,756,700 5,909,958 5,932,483 103.1 103.1
1959 5,447,250 5,836,004 5,875,656 107.1 108.1
1960 6,857,140 7,110,624 7,158,404 104.1 104.4
1961 9,693,800 9,901,227 10,018,645 102.1 103.4
1962 2,941,700 3,590,161 3,381,734 122.0 115.1
1963 1,353,000 1,551,270 1,698,264 115.1 126.0
1964 1,659,280 2,057,165 2,209,970 124.1 133.2
1965 7,861,000 8,860,428 8,630,871 114.0 110.8
1966 5,822,080 6,331,361 6,412,548 108.4 110.1
1967 1,381,440 1,794,160 1,963,592 130.1 142.1
1968 10,009,900 11,030,169 11,074,102, 110.2 111.0
1969 5,524,730 6,285,600 6,405,007 114.1 116.0
1970 4,711,890 5,083,781 5,019,975 108.1 107.0
1971 2,073,450 3,420,179 3,342,931 165.1 161.2
1972 2,370,460 3,058,040 3,001,706 129.0 127.0
1973 8,566,400 9,078,366 9,113,881 106.1 106.4
1974 6,601,540 7,524,022 7,823,188 114.1 119.0
1975 7,084,590 7,093,489 7,280,038 100.1 103.1
1976 5,701,000 6,308,629 6,400,579 111.1 112.3
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Table5.3 Comparisonof AnnualFlowsatWacoGage(Station12)
(Wurbsetal.1988)
AnnualFlowinAcre-feet PercentofGaged
TAMU TWC TAMU TWC
Year Gaged Unregulated Naturalized Unregulated Naturalized
1940 2,003,570 2,036,267 2,038,918 102.0 102.1
1941 4,965,660 5,732,670 5,700,425 115.4 115.1
1942 3,831,550 3,943,540 3,973,631 103.0 104.0
1943 738,920 500,669 512,290 68.1 69.3
1944 1,472,020 1,651,409 1,681,202 112.2 114.2
1945 2,835,030 3,075,364 3,103,807 109.1 110.1
1946 1,808,160 1,885,563 1,909,210 104.3 106.1
1947 1,361,740 1,338,830 1,349,068 98.3 99.1
1948 737,470 787,502 795,028 107.1 108.1
1949 1,540,300 1,647,823 1,707,407 107.1 111.0
1950 1,197,430 1,352,578 1,363,694 113.1 114.1
1951 610,680 582,360 589,597 95.4 97.0
1952 412,650 430,742 434,409 104.4 105.3
1953 432,510 1,224,589 1,232,289 283.1 285.0
1954 761,420 814,349 836,368 107.1 110.0
1955 1,424,510 1,798,487 1,864,593 126.3 131.1
1956 649,280 453,840 476,796 70.1 73.4
1957 6,151,850 6,657,818 6,726,271 108.2 109.3
1958 1,864,540 1,899,938 1,926,859 102.1 103.3
1959 1,572,870 1,832,874 1,871,637 117.0 119.1
1960 1,459,370 1,604,427 1,631,701 110.0 112.0
1961 2,639,660 2,783,641 2,830,387 105.5 107.2
1962 1,627,110 1,858,597 1,889,101 114.2 116.1
1963 670,760 684,175 750,999 102.1 112.1
1964 582,220 817,981 875,277 140.5 150.3
1965 1,680,290 2,192,212 2,227,415 130.5 133.1
1966 2,139,400 2,485,294 2,529,568 116.2 118.2
1967 626,760 863,368 921,764 138.1 147.1
1968 3,006,640 3,357,044 3,372,471 112.1 112.2
1969 1,936,150 2,492,019 2,524,598 129.0 130.4
1970 1,311,110 1,533,267 1,395,099 117.0 106.4
1971 1,042,860 2,092,884 1,864,536 201.1 179.1
1972 802,910 1,283,166 1,157,339 160.0 144.0
1973 1,911,350 2,122,328 2,076,896 111.0 109.1
1974 1,339,000 1,918,892 2,043,226 143.3 153.1
1975 1,721,810 1,816,234 1,898,435 105.5 110.3
1976 1,057,090 1,504,459 1,464,606 142.3 139.1
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Table5.4 Comparisonof AnnualFlowsatCameronGage(Station7)
(Wurbsetal.1988)
AnnualFlowinAcre-feet PercentofGaged
TAMU TWC TAMU TWC
Year Ga ed Unre lated Naturalized Unre lated Naturalized
1940 2,054,350 2,054,350 2,054,956 100.0 100.0
1941 3,280,800 3,280,800 3,282,135 100.0 100.0
1942 2,150,180 2,150,180 2,154,788 100.0 100.2
1943 389,420 389,420 391,832 100.0 101.0
1944 2,584,280 2,584,280 2,589,675 100.0 100.2
1945 2,443,240 2,443,240 2,449,115 100.0 100.2
1946 1,689,000 1,689,000 1,693,990 100.0 100.3
1947 998,350 998,350 1,002,645 100.0 100.4
1948 261,030 261,030 266,762 100.0 102.2
1949 712,810 712,810 721,383 100.0 101.2
1950 363,350 363,350 367,954 100.0 101.3
1951 133,230 133,230 138,330 100.0 104.0
1952 327,952 327,952 333,429 100.0 102.1
1953 835,610 835,610 861,193 100.0 103.1
1954 73,087 92,731 98,454 127.1 135.0
1955 274,780 467,077 489,028 170.1 178.1
1956 216,220 216,685 232,191 100.2 107.4
1957 3,244,730 3,363,659 3,384,816 104.1 104.3
1958 1,614,040 1,635,853 1,645,774 101.4 102.1
1959 1,450,690 1,479,590 1,510,125 102.1 103.5
1960 1,740,640 1,764,633 1,778,414 101.4 102.2
1961 2,385,510 2,407,549 2,423,227 101.0 102.1
1962 547,420 586,013 605,643 107.0 111.0
1963 201,030 257,833 299,717 128.3 149.1
1964 647,770 711,644 757,591 110.1 117.1
1965 2,905,700 2,930,402 2,973,446 101.1 102.3
1966 1,331,540 1,366,925 1,409,473 103.1 106.1
1967 379,370 390,906 463,129 103.0 122.1
1968 2,284,140 2,609,875 2,673,668 114.3 117.1
1969 1,012,770 1,103,290 1,156,140 109.0 114.2
1970 1,424,410 1,464,031 1,513,251 103.1 106.2
1971 427,860 612,031 733,555 143.0 171.4
1972 378,960 455,173 502,654 120.1 132.6
1973 1,142,550 1,341,895 1,388,700 117.4 122.0
1974 1,188,100 1,460,675 1,534,861 123.0 129.2
1975 2,061,360 1,906,154 1,962,568 92.5 95.2
1976 1,195,070 1,284,759 1,324,026 108.1 111.1
45
- -
Table5.5 AnnualPrecipitationforWatershedsintheBrazosRiverBasin
(Wurbsetat. 1988)
(INCHES) (INCHES)
WatershedAboveSt;eamGageAt : atershedAboveStreamGageAt
Year . Waco CameronBryan Richmond Year . Waco Cameron Bryan Richmond
1900 37.42 35.47 38.88 41.83 1946 26.32 35.86 29.39 30.89
1901 17.83 15.80 17.76 18.23 1947 21.82 20.66 22.58 23.58
1902 33.53 27.97 34.16 35.83 1948 16.70 21.99 18.47 18.72
1903 27.54 31.55 30.38 31.59 1949 29.10 32.57 30.06 31.57
1904 28.20 32.44 29.44 30.74 1950 24.12 25.17 24.37 24.68
1905 44.03 37.13 44.10 44.74 1951 18.50 22.91 19.67 20.41
1906 34.90 28.62 33.47 33.58 1952 18.25 24.60 20.73 21.72
1907 30.22 32.42 33.16 35.01 1953 21.03 30.75 24.33 25.32
1908 35.79 32.61 36.05 36.41 1954 15.97 16.19 16.24 16.45
1909 21.89 21.18 22.84 23.31 1955 22.90 28.08 24.76 25.11
1910 18.38 21.72 20.69 21.02 1956 12.35 17.70 13.99 14.44
1911 27.99 25.38 27.57 28.75 1957 36.65 46.15 39.88 40.40
1912 22.32 22.65 23.03 23.54 1958 25.00 32.22 27.28 27.87
1913 32.75 39.76 35.10 36'.25 1959 28.09 34.09 30.72 31.66
1914 36.42 35.04 36.70 37.69 1960 26.25 33.81 28.88 30.18
1915 31.67 27.00 31.51 31.92 1961 30.54 36.08 32.47 33.53
1916 23.09 25.38 23.94 24.36 1962 26.35 27.11 26.77 27.13
1917 14.86 15.03 15.35 15.51 1963 20.78 20.33 20.65 20.79
1918 23.46 23.21 24.29 24.76 1964 22.31 31.91 25.16 25.74
1919 39.70 44.58 41.81 44.02 1965 25.75 35.32 29.48 30.45
1920 32.91 35.70 34.00 35.01 1966 24.29 28.76 26.31 26.73
1921 21.06 25.36 23.81 25.53 1967 22.83 28.10 24.75 24.97.
1922 24.79 32.25 28.33 29.80 1968 29.41 39.97 32.93 34.24
1923 31.98 35.11 33.46 35.39 1969 31.49 29.49 31.30 31.56
1924 18.83 20.83 20.16 21.08 1970 19.14 28.66 21.98 22.89
1925 21.23 22.33 21.59 22.49 1971 27.61 31.27 29.04 29.28
1926 32.91 32.68 33.89 34.99 1972 25.70 24.86 25.88 26.38
1927 22.24 28.91 25.08 25.89 1973 28.72 33.78 31.56 32.19.
1928 22.79 26.15 24.04 24.69 1974 28.47 34.18 30.68 31.09
1929 22.44 26.88 24.47 i6.04 1975 24.49 28.67 26.18 26.59
1930 25.00 29.41 26.85 27.44 1976 26.09 33.43 28.90 28.61
1931 .23.74 31.49 25.67 26.20 1977 20.51 22.80 21.86 22.15
1932 33.96 37.80 35.31 35.43 1978 23.16 25.89 24.29 24.77
1933 21.07 25.00 22.32 23.01 1979 26.68 35.06 29.83 30.87
1934 16.47 23.75 19.47 20.94 1980 23.40 27.50 24.42 24.84
1935 31.15 36.33 33.49 34.58 1981 27.98 30.56 29.81 30.61
1936 25.67 3589 28.73 29.34 1982 27.63 28.61 28.26 28.64
1937 22.56 28.99 25.03 25.34 1983 22.52 23.81 23.93 24.51
1938 24.55 30.67 26.42 26.94 1984 24.52 27.21 26.11 26.45
1939 20.34 26.09 22.15 22.30
1940 25.87 41.81 30.81 31.87 1900-1984
1941 43.53 37.80 42.33 43.41 mean 25.89 29.64 27.58 28.37
1942 28.89 39.62 31.75 32.03 1940-1984
1943 17.10 21.53 18.85 19.81 mean 24.96 30.06 26.89 27.55
1944 29.08 38.15 32.89 33.64
1945 25.16 37.61 29.53 30.95
AnnualPrecipitation(inches)
Figure5.9 AnnualPrecipitation-RunoffRelationshipfortheWatershed
abovetheRichmondGageontheBrazosRiver(Station15)
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Figure5.10AnnualPrecipitation-RunoffRelationshipfortheWatershed
abovetheWacoGageontheBrazosRiver(Station12)
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Figure5.11AnnualPrecipjtation-RunoffRelationshipfortheWatershed
abovetheCameronGageontheLittleRiver(Station7)
SanJacintoRiverBasin
As indicatedbyFigure5.12,thetwoprincipaldrainagesystemsof theSanJacintoRiver
BasinarethewatershedsoftheSanJacintoRiverandBuffaloBayouwhichflowintotheHouston
ShipChannelwhichflowsintoGalvestonBay. Thetotalbasindrainageareaof 3,900square
milesincludes2,900and1,000squaremilesin theSanJacintoRiver andBuffaloBayou
subbasins,respectively.The City of Houstonlies withinthe BuffaloBayouwatershed.
Naturalizedmonthlyflowsatthe12USGSstreamgagingstationsshowninFigure5.12andTable
5.6areusedinthisstudy.Thecombinedwatershedareaofthestreamgagesadoptedinthestudy
is2,730squaremiles.
Thenaturalizedflowdataadoptedfor thisinvestigationweredevelopedin conjunction
withawateravailabilitymodelingstudyperformedbytheTexasDepartmentofWaterResources
(1983).Naturalizedflowsfortheperiod1940-1980weredevelopedbytheTDWR byadjusting
gagedflowsto removetheeffectsof reservoirstorageanddiversionsfor beneficialuse. As
indicatedbyTable5.6,theperiod-of-recordforseveralof thestationsdonotcompletelycover
theperiod1940-1980.TheTDWR extendedtherecordsasnecessaryby regressingflowsat
thesestationswithflowsat nearbygagingstations.Thewateravailabilitymodelwas later
updatedbytheTexasNaturalResourceConservationCommission(1996).The1996SanJacinto
Basinwateravailabilitymodelupdateincorporatedthesame1940-1980naturalizedflowsatthe
stationslistedin Table5.6. The stationnumbersadoptedhere(firstcolumnof Table5.6)
correspondto thewatershedi entifiersassignedbythe1983TDWR reportandcontrolpoints
usedin the1996TNRCC report.Drainageareasandthemeansof the1940-1980naturalized
flowsateachstationareshowninTable5.6.
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Figure5.12SanJacintoRiverBasin
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SulphurRiverBasin
TheSulphurRiverflowstromnortheastTexasintoArkansaswhereit confluenceswith
theRedRiver,whichis a tributaryof theMississippiRiver. TheTexasportionof theSulphur
RiverBasinencompasses3,600squaremilesandhasanaverageannualprecipitationrangingtrom
40inchesinthewestto47inchesatthestateline.Basinpopulationi creasedtrom154,000in
1980to 162,000in 1990.ThelargestcitiesinthebasinareTexarkana(1990populationofTexas
sideof32,000)andSulphurSprings(population14,000).ThecityofParis(25,000)liesonthe
dividebetweentheSulphurandRedRiverBasins.Permittediversionrightsarefor 185,057ac-
ft/yrmunicipal,165,875ac-ft/yrindustrial,26,635ac-ft/yrirrigation,and863ac-ft/yrotheruses.
A totalconservationstoragecapacityof750,000acre-feetiscontainedin 29impoundmentswith
capacitiesgreaterthan200ac-fteach.LakesWrightPatman,Chapman,andSulphurSprings
accountforabout95percentofthistotalstoragecapacity(R.1.BrandesCompany1999).
Thebasinisruralinnature,predominatelypastureandagriculturalland.Thewesternpart
ofthebasinismainlyopenrollingprairieswithsmalltractsofwoodlands.Theeasternportionis
typicallyforested,withasmalleramountofcroplandandpasture.Sincethe1940's,landusehas
changedtromprimarilycropland,mostlycotton,toapredominanceofpastureland.
TheR. J BrandesCompanyperformedawateravailabilitymodelingstudyfortheSulphur
RiverBasin,undercontractwiththeTNRCC,usingtheWRAPmodel(R. 1.BrandesCompany
1999).Theinvestigationincludedeveloping1940-1996sequencesofnaturalizedmonthlyflows
atsixUSGS streamgagingstations.ThefivestationshowninFigure5.13andTable5.7were
adoptedforthepresentstudy.
49
Table5.6 SelectedStreamflowGagingStationsintheSanJacintoBasin
Nearest USGS Drainage Mean Mean Portionof 1940-1980
Station Stream City Gage Area Flow Flow Coveredby
Number (mile2) (ac-ftfyr) (inches/yr) PeriodofRecord
1 WestForkSanJacinto Conroe 8068000 809 370,000 8.6 1940-1980
2 SpringCreek Spring 8068520 419 158,000 7.1 1940-1980
3 CypressCreek Westfield 8069000 285 121,000 8.0 Jul1944- 1980
4 EastForkSanJacinto Cleveland 8070000 325 163,000 9.4 1940-1980
5 PeachCreek Splendora 8071000 117 55,200 8.8 Oct1943- 1980
6 CaneyCreek Splendora 8070500 105 55,600 9.9 Jan 1944- 1980
8 GreensBayou Houston 8076000 72.7 43,500 11.2 Oct1952-1980
9 BuffaloBayou Addicks 8073500 293 163,000 10.4 Aug1945- 1980
10 BuffaloBayou Houston 8074000 358 216,000 11.3 1940-1980
11 WhiteBayou Houston 8074500 84.7 59,900 13.3 1940-1980
12 BraysBayou Houston 8075000 88.4 88,100 18.7 1940-1980
13 SimsBayou Houston 8075500 64.0 54,500 16.0 Oct1952- 1980
Figure5.13SulphurRiverBasin
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Table5.7 SelectedStreamflowGagingStationsintheSulphurBasin
Nearest USGS Drainage Mean Mean Portionof 1940-1996
Station Stream City Gage Area Flow Flow Coveredby
Number (mile2) (ac-ftlyr) (inches/yr) PeriodofRecord
A SouthSulphurRiver Cooper 7342500 541 320,670 11.1 Jun 1942-Sep1991
B NorthSulphurRiver Cooper 7343000 311 175,270 10.6 Oct1949-Dec1996
C SulphurRiver Talco 7343200 1,380 952,520 12.9 Oct1956-Dec1996
D WhiteOakCreek Talco 7343500 546 387,050 13.3 Ian 1940-Nov1949
E SulphurRiver Darden 7344000 2,850 1,983,620 13.1 Ian 1940-Dec1956
N
i
20 0 20 Miles. ,
ScopeoftheAnalvsestoCompareConcurrentFlowsatDifferentLocations
TheremainderofChapter5presentsheresultsof analysestodeterminehowcloselythe
naturalizedmonthlyflowstromthedifferentsubwatershedsarerelatedandtheformof the
relationships.Graphsareplotted,andleastsquareslinearegression/correlationtechniquesare
appliedtoevaluaterelationshipsbetweentheflowsatdifferentlocations.
PairingofBrazosRiverBasinStations
As indicatedinTable5.1,the15stationsintheBrazosRiverBasinaredividedintothree
groups.
. Stations1-7on theLittleRiverandits Tributaries:Stations1 through6 arelocatedon
varioustributariesabovestation7 on theLittleRiver. Flowsateachof stations1-6are
comparedwithflowsatstation7. Flowsatadjacentstationsonthesametributariesarealso
compared.
. Stations8and9ontheNavasotaRiver
. Stations10-15ontheBrazosRiver: Flowsatstations10,11,12,13,and14ontheBrazos
Riverarecomparedwithflowsatstation15,whichis themostdownstreamstationonthe
BrazosRiver. Eachof thestationsonthemain-stemBrazosRiveris alsopairedwiththe
adjacentstationlocatedimmediatelyupstream.
Theportionof the1940-1976periodcoveredbytheperiod-of-recordat eachgaging
stationis showninTable5.1. In theoriginaldevelopmentofthesequencesofnaturalizedflows,
theTexasDepartmentof WaterResources(1981)extendedrecordsasnecessaryto coverthe
period1940-1976by regressiontechniquesusingflowsat othergageswithcompletelonger
records.In thepresentinvestigation,thecomparisonsof flowsatpairsof stationsincludethe
flowscoveringtheportionoftheperiod1940-1976thatiscoveredintheperiod-of-recordofboth
gagingstations.Thus,allof thenaturalizedflowsusedinthestudyaregagedflowsadjustedto
removetheeffectsofhistoricalwatermanagement.
PairingofSanJacintoRiverBasinStations
Thefollowingcomparisonsarepresentedfor the12stationsin theSanJacintoBasin
showninFigure5.12.
. comparisonfflowsateachofthe12gagingstationswiththecombinedtotalflows
. comparisonofflowsatpairsofgagingstationsforadjacentsubwatersheds
. comparisonofflowsatstations9andlOonBuffaloBayou
Station9,whichis locatedupstreamofstation10,istheonlystationforwhichanotherstationis
locatedownstream.Thecombinedtotalflowforeachmonthconsistsofthesummationofflows
at all of thestationsexceptstation9. Thisrepresentsheflow tromtheentire2,730mile2
watershedabovethestations.
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Theperiod-of-recordateachgagingstationisshowninTable5.6.TheTexasDepartment
of WaterResources(1983)extendedrecordsasnecessaryto covertheperiod1940-1980by
regressiontechniquesusingflowsatothergageswithcompletelongerecords.In thepresent
investigation,thecomparisonsof flowsateachstationwiththeconcurrenttotalcombinedflows
includeallflowscoveringtheperiod1940-1980includingthosesynthesizedtoextendrecords.A
setof plotsandcorrelation/regressiontatisticsarepresentedfor adjacent-stationconcurrent
flowsthatincludeonlythemonthsincludedin theperiod-of-recordfor bothgagingstations,
showninTable5.6,thusexcludingflowspreviouslysynthesizedbytheTDWRtoextendrecords.
PairingofSulphurRiverBasinStations
ThefollowingcomparisonsarepresentedforthefivestationsintheSulphurBasinshown
inFigure5.13.
. comparsionofflowsatstationsA andB withstationC
. comparisonofflowsatstationD withstationE
. comparisonofflowsatstationsB withstationA
StationC isdownstreamofstationsA andB. StationD isupstreamofstationE. StationsA and
B areattheoutletsofadjacentsubwatersheds.Theportionsoftheperiod1940-1996coveredby
thegagerecordat eachstationareshownin Table5.7. Again,onlyflowsfor thecommon
portionsof theperiods-of-recordareused,sothatallof thenaturalizedflowsusedin thestudy
aregagedflowsadjustedtoremovetheeffectsofhistoricalwatermanagement.
PlotsRelatin2ConcurrentFlowsatDifferentLocations
HydrographsofannualnaturalizedflowsatstationsintheBrazosBasinarecomparedin
Figures5.14through5.16.Theflowsatthe7stationsintheLittleRiverwatershedarecompared
in Figure5.14.FlowsatthetwostationsontheNavasotaRiverarecomparedin Figure5.15.
Thehydrographsfor themain-stemBrazosRiverareplottedinFigure5.16. Annualflowsfor
stationsfortwoexamplestationsintheSanJacintoBasinarecomparedwiththetotalcombined
flowsinFigure5.17.FlowsatthetwostationsonBuffaloBayouareplottedinFigure5.18.
ConcurrentMonthlvFlowsatPairs of Stationsin theBrazosRiverBasin
Concurrent1940-76monthlynaturalizedflowsatpairsof stationsin theBrazosRiver
BasinareplottedinFigures5.19through5.37.InFigures5.19-5.24,flowsateachof thestations
intheLittleRiverwatershedabovestation7 arerelatedto thecorrespondingflowsatstation7.
In Figures5.25-5.27,flowsatpairsof stationsonthesametributaries(Leon,Lampases,andSan
GabrielRivers)intheLittleRiverwatershedarecompared.Theflowsatthetwostationsonthe
NavasotoRiverareplottedinFigure5.28. TheflowsatthestationsontheBrazosRiverare
plottedagainsthe flow at station15,themostdownstreamstation,in Figures5.29-5.33.
Concurrentflowsatadjacents ationsontheBrazosRiverareplottedinFigures5.34-5.37.
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Fromtheperspectiveof fittingcurvesthroughthedata,theplotsof Figures5.19-5.37
generallyindicatethattherelationshipsareessentiallylinear.Linearregressionandcorrelation
coefficientsassociatedwiththesedataarepresentedinthenextsection.
Thereissignificantscatterintheplottedata.In general,thecorrelationbetweenflowsat
subwatershedversuswatershedoutletsdependslargelyonthedifferencesin thedrainageareas
betweenthetwostationsbeingcompared.Forexample,theFigure5.19plotofconcurrent1940-
1976monthlyflows at stations1 and7, with drainageareasof 1,260and7,060mile2,
respectively,showlittlecorrelation.Theflowsatstations2 and7 (3,540versus7,060mile2)in
Figure5.20aremuchmorecloselycorrelated.Concurrentflowsatstations14and15(43,880
versus45,010mile2)plotalmostasastraightlineinFigure5.33.
Concu"entMonthlvFlowsatPairsofStationsintheSanJacintoRiverBasin
Regressionplotsofnaturalizedmonthlyflowsatpairsof stationsintheSanJacintoRiver
BasinarepresentedinFigures5.38-5.60.Correlationandregressionanalysesarepresentedinthe
nextsection.Theplotsforallof thepairsof stationsalsoindicatessentiallyinearregression
relationships.
Thecombinedflowsfromthetotal2,730mile2watershedabovethe12stationsintheSan
JacintoBasinarecomputedbysummingtheflowsattheindividualstations.Theflowsateach
stationarecomparedwiththetotalcombinedflowsin Figures5.38-5.49.The relationship
betweenindividualstationflowsandthecombinedflowsexhibitsignificantscatteratallof the
stations.However,theflowsatstations1,2,3,4,5and6 inthepredominatelyruralSanJacinto
Riversubbasinaremorecloselycorrelatedto combinedflowsthanaretherelationshipsfor the
flowsatstations8,9, 10,II, 12,and13intheurbanandurbanizingBuffaloBayousubbasin.
Theconcurrentflowsatadjacents ationsforeachmonthareplottedinFigures5.50-5.60.
Onlythemonthsincludedinthegagingstationperiod-of-recordshowninTable5.6areincluded
intheadjacent-stationplotsofFigures5.50-5.60.Themonthlyflowsfortheentireperiod1940-
1980areincludedin thecombined-flowplotsof Figures5.38-5.49.Theadjacent-stationplots
alsoexhibitconsiderablescatter.Theclosestcorrelationisbetweenflowsatstations9 and10.
Station9 is locatedabovestationlOon thesamestream.Thesearetheonlytwostationsinthe
SanJacintoBasinlocatedonthesametributary.
ConcurrentMonthlvFlowsatPairs of Stationsin theSulohurRiverBasin
TheflowsatA andB arecomparedwithC andtheflowatD is comparedwithE in
Figures5.61-5.63.TheflowatB is alsocomparedwiththeflowofA Figure5.64.Theseplots
showanessentiallyineartrendwithmuchscattersimilartotheplotsforthestationsintheSan
JacintoandtheBrazosBasins.
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Figure5.17AnnualFlowHydrographsforStationsintheSanJacintoRiverBasin
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Figure5.21MonthlyFlowsatStation3versusStation7
intheLittleRiverWatershed
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Figure5.22MonthlyFlowsatStation4versusStation7
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Figure5.23 MonthlyFlowsatStation5versusStation7
intheLittleRiverWatershed
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Figure5.25MonthlyFlowsatStation1versusStation2
ontheLeonRiver
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Figure5.27MonthlyFlowsatStation5versusStation6
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Figure5.28MonthlyFlowsatStation8versusStation9
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Figure5.29MonthlyFlowsatStation10versusStation15
ontheBrazosRiver
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Figure5.30MonthlyFlowsatStation11versusStation15
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Figure5.31MonthlyFlowsatStation12versusStation15
ontheBrazosRiver
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Figure5.36MonthlyFlowsatStation12versusStation13
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Figure5.37MonthlyFlowsatStation13versusStation14
ontheBrazosRiver
65
-- -
4000000
3500000-
J:
C 3000000
0
2500000
I
! 2000000
N
1500000c
0
;; 1000000
!
U)
500000
0
0
6000000
5000000...
c
0
E 4000000
! 3000000
C")
5 2000000
+:i
CIS
CiS 1000000
0
0
Figure5.38.Station1vsCombined Figure5.39.Station2vsCombined
... 450000
~400000
~ 350000
~300000u
.!. 250000
~ 200000
iL 150000..
5 100000.I- ...
! 50000
VI 0
o 200000400000600000800000100000120000
... 1600001:.
C 140000o
~ 120000
U 100000nI
i 80000o
iL 60000
~ 40000o
! 20000
VI 0
o
--
--- ...
-~-..":
-.
~..- -
200000400000600000800000100000120000
CombinedFlow (ac-ftImonth) CombinedFlow (ac-ftImonth)
Figure5.40.Station3vsCombined Figure5.41.Station4vsCombined
... 1200001:.
§ 100000
~, 80000
1
- -
u _ ...nI _ _
i 60000 -o
~ 40000
c
~ 20000
J!
VI
--
... 200000
~180000
~ 160000
= 140000
~ 120000
i 100000
~80000-I- ~
60000
5 40000
! 20000
VI 0
o 200000400000600000800000 100000120000200000400000600000800000100000120000
CombinedFlow (ac-ftImonth) CombinedFlow(ac-ftImonth)
(')
0
£
@
::?
a::
0
'<
'T1
112
0\ C/}
0\
g.
0
E;"
er-
0
C/}
.....
S.....
0
t7:I
S.
Figure5.42.Station5vsCombined Figure5.43.Station6vs Combined
_ 60000 _ 60000
.r. 8 =...
5 50000 8 5 50000"t 88 8E E
n 40000 8 400000 u u
= ca 8 ca
(")
'i' 30000 'i' 30000c 8
@
0 8 - 8 0
20000 - 8 20000a 8C C
.g 10000
8
.g 10000
!
J! J!
III " III
I 0 200000400000600000800000100000120000 I I 0 200000400000600000800000100000120000
'Tj
i I CombinedFlow(ac-ftImonth) I I CombinedFlow(ac-ftImonth)
0\ en
-..l io.
S.
I Figure5.44.Station8vsCombined I I Figure 5.45. Station 9 vs Combined
e-
(1)
en _ 45000 _ 120000
40000 8 =
.....
35000 5 100000
30000
8S. 8 8 80000
g U 8 U
600001
- -
8 8
!. 25000 8 8 8 !. 8t:tI . 8 8 8 "
20000
8 ...8 8- 0
15000
8 8 ii:S. - ... . - - --. 8 40000. --... - '"- --- 8
5 10000 - - -- - I - 8 C0 200005000 - - - -J! '#.: - J!III 0 III
0 200000400000600000800000100000120000 0 200000400000600000800000100000120000
CombinedFlow (ac-ftImonth) CombinedFlow (ac.ftImonth)
Figure5.46.Station10vsCombined Figure5.47.Station11vsCombined
:: 50000
1:45000
~ 40000
~35000
! 30000
~ 25000
£ 20000
:: 15000
g 10000
E 5000
1/1 0
o
.- - - - ---- -- - --.-.. .~--- - .
~ _ ..., -___w:.-.- ·~ ..-, --
,_a..-~~...-
- ...::.~.-/ .~.-- .
.~..~~.r -
-r ..'- - .: ._..-....
200000400000600000800000100000120000
2000004000006000008000001E+061E+06
CombinedFlow (ac-ftImonth) CombinedFlow(ac-ftImonth)
Figure5.48.Station12vsCombined Figure5.49.Station13vsCombined
:: 60000..c
~ 50000
~ 40000
!.
~ 30000o
~ 20000..
g 10000
;:;
J!
1/1
S 45000
g 40000
~ 35000
U 30000ca-25000
~20000
~ 15000
~10000
~ 5000
~ 0
o 200000400000600000 800000100000120000
..
....
200000400000600000800000100000120000
CombinedFlow (ac-ftImonth) CombinedFlow(ac-ftImonth)
(j
0
::sa
@::s-
0
'<
'"r1
[
0'\ tZI
00
0°
51
er
e-o
tZI
§
.....
er
S"
tD
SO
.... 160000
J:
1: 140000
0
.E 120000
=
U 100000
!.
80000
0
ii: 60000
0..
40000c
0
;:; 20000
J!
1/1 0
0
Figure5.50.Station5vs Station4 Figure5.51.Station6vs Station5
60000 60000.
5' 50000 . . 5' 50000
c c
~~. ~~
~ ~
~ g 30000 . g 300000--::s It) - . . - cD. . _
S) c 20000 .. 'h . C 200001 - .- 0 0
:::! ;I .~_.. ;Io .. . !::s ~10000. -. I/J 10000....
s::
o
~
I
0 50000 100000 150000 200000
I I
0 10000 20000 30000 40000 50000 60000
~ Station4 (ac-ftImonth) Station5 (ac-ftImonth)
0'
~
tI>
~
0'1 en
\0 ~. I Figure5.52.Station1vs Station6 I I Figure5.53.Station2vs Station1
~
5. 300000 160000
g- . 140000
en 5' 250000. 5'~ C C 120000
::3 0 . _ 0
i;;" E 200000. . . E 100000
("). ii! . .- ~ - -.-
5 u 150000 - .. g 80000 . ..
8'.!. .. -.. . -. --~ ."'" -.- -. N '"II_
0:1 C 100000 ;. .:.~ c 60000 ~. :~ 0 ... 0 .:1-tn.;I _ = ;I 40000 .....5! .~.. ! -~
.. .
I/J 50000.:!;~~ . I/J 20000'-'" ..-.. c-:..
..- ...o .
10000 20000 30000 40000 50000 60000
I I
0 100000 200000 300000 400000 500000
Station6 (ac-ftImonth) Station1(ac-ftImonth)
J
o
(')
o
::I
(')
I:
~
~o
~'<
"rj
0"
~
~
00
i
<:5"
~
S'
g-
OO
g:
~
S'....o
tI:J
~
S'
Figure5.54.Station3vsStatlon2
-- ---
.-. ..- .., .-. -~.. .. "- .. . -
.- -.!.ft:~- -.",,-- .--.--
50000 100000
Station2(ac-ftImonth)
Figure5.56.Station11vsStation8
35000
S 30000
c
~ 25000
=. 20000uca
;: 15000
...
6 10000
~ 5000
0-.
o
- ---- .- - -... - -- ...
--=-.....- ': ~:~~. .iC" ...
10000 20000 30000
Station8 (ac-ftImonth)
Figure5.55.Station8vsStation3
150000 100000
- -
-. . -.--- --. --.-...---.-~-..- -. "
--
.. .-
20000 40000 60000 80000
Station3(ac-ftImonth)
40000
120000
S 100000c
0
E 80000
=
U 60000
CO)
c 400000
=
S 20000II)
0
0
35000
"" 30000
:5c
250000
E
=. 20000uca
;; 15000
c
0 10000=
S
II) 5000
0
0
Figure5.57. Station10vs Station11
160000
"" 140000.c...
6 120000
100000r
- --- - --- ... - -
8000 __
0
... 60000c I. -_ - _ - --0
= 40000
S
II) 20000
0
0 10000 20000 30000 40000 50000
Station11(ac-ftImonth)
160000
~ 140000
g 120000
~ 100000
! 80000
~ 60000
c
.g 40000
:I
I/J 20000
o
o
40000
~ 35000
g30000
~ 25000
! 20000
C')..15000
c
.g 10000
:I
I/J 5000
o
o
Figure5.58.Station10vsStation9 Figure5.59Station12vsStation10
60000
".
£' 50000c
o
~ 40000
! 30000
N..
c 20000
o;I
~10000
..
.!::."-
J..~~-....
20000400006000080000100000120000
Station9(ac.ftImonth)
50000
Station10(ac.ftImonth)
Figure5.60.Station13vsStation12
..
=. ..- = -.. .... - -._~.WCr.
.~&-"-.:
:-
10000 20000 30000 40000 50000 60000
Station12(ac.ftImonth)
... .
. ~. .
-
100000 150000
(")
ga
s::
0
'<
"%j
0'
[IJ
-.J tZ)- g.0
s'
e-o
tZ)
....
s'
g
t:I:I
S'
200000 400000 600000 800000
StationC (ac-ft)
Figure5.61MonthlyFlowsatStationA versusStationC
ontheSulphurRiver
72
- --- - ----
300000
250000-
U 200000cu-
<C 150000
c
0
E 100000
en
50000
0
0
.
.
. . ..
.
200000
180000t .
160000
i? 140000j . . .
CJ
.!. 120000
100000 . .',. ..2 80000 .... . ............ .........: . ..5 . 60000.
en
40000
20000 1........-IL"!r.-. , .
0
0 200000 400000 600000 800000
StationC (ac-ft)
Figure5.62MonthlyFlowsatStationB versusStationC
ontheSulphurRiver
350000
300000
1
·
~ 250000 . : .
~ 200000 .
S 150000 -. · t;; .~ .J9100000 · · . ·
W ."._ , .
50000 ~~&.;.. ~
o ~......
o 2000004000006000008000001E+06 1E+06 1E+06
StationE (ac-ft)
Figure5.63MontWyFlowsatStationD versusStationE
ontheSulphurRiver
200000
180000
160000
E.' 140000
! 120000
In 100000
c
.2 80000
<OJ
J9 60000w
40000
20000
o
o
.
. . .
.
100000 150000200000250000 300000
StationA (ac-ft)
Figure5.64MontWyFlowsatStationB versusStationA
ontheSulphurRiver
73
- -- - - - - -
Re!!ressionandCorrelationAnalvsesofFlowsatDifferentLocations
Standardleastsquareslinearegressionandcorrelationtechniquesareappliedto the
concurrentaturalizedflowsatthepairsof stationsreflectedinFigures5.19- 5.60.Thefirstset
of analysesincludecomputationofboththey-interceptandslopecoefficients.They-intercepts
arereasonablyclosetozero.Theanalysesarerepeatedsettingthey-intercepta zero.Theslope
coefficientsdeterminedby the zero-interceptlinearregressioncomputationsare relatedto
watershedparametersinChapter6.
Forallofthepairsofstations,theregression/correlationanalyseswereperformedwiththe
flowsexpressedinunitsof acre-feet/month.In mostcases,theanalyseswererepeatedwiththe
flowsexpressedin inches/month,whereaninchrepresentsamonthlyflowvolumeequivalentto
coveringthewatershedto a depthof oneinch. Thedepthequivalentsof flow volumesare
normalizedbydividingbythewatershedarea.
RegressionandCorrelationStatistics
ThecomputationswereperformedusingMicrosoftExcel.Theregressioncoefficientsand
relatedstatisticscomputedintheanalysesaredefinedasfollowed.Thelinearegressionmodelis
y =mx+b (5-1)
wherem is theslopeandb is they intercept.For ourpurposes,x denotestheflowsat a
downstreamlocation(flowsftomlargerwatershed)andy denotesflowsat a stationlocated
upstream(subwatershedoutlet).Theregressioncoefficientsmandb arecomputedbystandard
methodsbasedonminimizingSrthesumofthesquaresofthedeviationsbetweenobservedYiand
predictedYi valuesofy.
Sr =i: (~_~)2=i:[(~-(mXl +b)]21_1 I_I (5-2)
Srrepresentshevariationof Yj aboutheregressionline(y=mx+b).S, representshevariation
abouthemeanY.
(5-3)
Thecoefficientofdetermination';is
(5-4)
Thecorrelationcoefficientr is
(5-5)
74
ThestandarderroroftheestimateSYIX is
(5-6)
ResultsoftheRegressionAnalvses
Theresultsofthelinearegressionandcorrelationanalysesforthepairsof stationsin
theBrazosandSanJacintoRiverBasinsarepresentedinTables5.8-5.20.Thepairsof adjacent
stationsforwhichflowsarecorrelated/regressedar citedinthefirstcolumnof thetablesasy-
stationversusx-station.Theflowsatthefirststationcited(y)arepredicted,giventheflowsat
thesecondstation(x). ForthestationsintheBrazosRiverBasin,flowsforanupstreamstation
arepredictedasafunctionof flowsatadownstreamstation.For thestationsintheSanJacinto
Basin,regressionanalysesareperformedto relateflowsITomadjacentsubwatershedsandto
relateflowsateachstationwiththecombinedflowsITomthetotal2,730mile2watershed.
They-interceptb is fairlyclosetozeroinallcases.Theregressionanalysesarerepeated
settingthey-interceptequaltozerotoobtaintheregressionmodel
y =mx (5-7)
wheretheflowatastationisexpressedsimplyasaconstanttimestheflowanotherlocation.The
resultsarepresentedin Tables5.11-5.13and5.18-5.20.Chapter6 includesananalysisof the
relationshipbetweenconstantmandwatershedparameters.
Thecorrelationcoefficientr variesITomabout0.6to 1.0.Ther ishighestforpairsof
stationsonthesamestreamwithrelativelysmalldifferenceindrainageareas.Smallervaluesofr
areassociatedwithgreaterdifferenceinwatershedareas.
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Table5.8LinearRegressionCoefficients
forStationsintheLittleRiverandNavasotaRiverWatersheds
(Flowsareinacre-ft/month.)
Station r r Sylx n b m
1vs.7 0.658 0.434 15723 444 294 0.084
2vs.7 0.936 0.876 26659 444 -4504 0.431
3vs.7 0.941 0.885 10614 444 -2338 0.179
4vs.7 0.913 0.834 15341 168 -2991 0.223
5vs.7 0.847 0.717 3522 96 519 0.050
6vs.7 0.859 0.739 10075 132 989 0.133
8vs.9 0.994 0.989 5158 312 -1061 0.834
1vs.2 0.783 0.613 13003 444 226 0.216
3vs.4 0.949 0.900 9199 168 275 0.734
5vs.6 0.998 0.997 377 96 262 0.355
Table5.9 LinearRegressionCoefficients
for Stationsin theLittleRiverandNavasotaRiverWatersheds
(Flowsarein inches/month.)
Station r r Sylx n b m
1vs.7 0.658 0.434 0.234 444 0.004 0.469
2vs.7 0.936 0.876 0.141 444 -0.024 0.858
3vs.7 0.941 0.885 0.161 444 -0.035 1.020
4vs.7 0.913 0.834 0.218 168 -0.042 1.189
5vs.7 0.847 0.717 0.266 96 0.039 1.425
6vs.7 0.859 0.739 0.256 132 0.025 1.275
8vs.9 0.994 0.989 0.100 312 -0.021 1.252
1vs.2 0.783 0.613 0.193 444 0.003 0.607
3vs.4 0.949 0.900 0.139 168 0.004 0.782
5vs.6 0.998 0.997 0.029 96 0.020 1.056
Table5.10 LinearRegressionCoefficients
for Main-StemBrazosRiverStations
(Flowsareinacre-ft/month.)
Stations r r Sylx n b m
10-15 0.627 0.380 117078 444 -38. 0.149
11-15 0.814 0.663 143837 444 -12346 0.328
12-15 0.850 0.723 140424 444 -16895 0.369
13-15 0.952 0.907 143591 444 -20127 0.728
14-15 0.993 0.986 68485 444 -7732 0.937
11-12 0.906 0.822 62786 444 -7549 0.544
12-13 1.000 0.980 35453 444 -2136 0.919
13-14 0.924 0.854 101949 444 -12551 0.525
14-15 0.971 0.944 111631 444 -18624 0.787
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Table5.11Zero-InterceptLinearRegressionCoefficients
forStationsintheLittleRiverandNavasotaRiverWatersheds
(Flowsareinacre-feet/month.)
Stations r r Sylx n b m
1vs.7 0.658 0.433 15707 444 0 0.085
2vs.7 0.934 0.873 26890 444 0 0.418
3vs.7 0.939 0.881 10778 444 0 0.173
4vs.7 0.911 0.829 15486 168 0 0.213
5vs.7 0.844 0.713 3524 96 0 0.052
6vs.7 0.859 0.737 10064 132 0 0.137
8vs.9 0.994 0.988 5232 312 0 0.826
1vs.2 0.783 0.612 12990 444 0 0.218
3vs.4 0.949 0.900 9174 168 0 0.738
5vs.6 0.998 0.996 426 96 0 0.362
Table5.12 Zero-InterceptLinearRegressionCoefficients
for Stationsin theLittleRiverandNavasotaRiverWatersheds
(Flowsarein inches/month.)
Station r r S x n b m
1vs.7 0.658 0.433 0.234 444 0 0.473
2vs.7 0.934 0.873 0.142 444 0 0.833
3vs.7 0.939 0.881 0.163 444 0 0.982
4vs.7 0.911 0.829 0.220 168 0 1.139
5vs.7 0.844 0.713 0.266 96 0 1.492
6vs.7 0.859 0.737 0.256 132 0 1.312
8vs.9 0.994 0.988 0.101 312 0 1.240
1vs.2 0.783 0.612 0.193 444 0 0.611
3vs.4 0.949 0.900 0.139 168 0 0.786
5vs.6 0.998 0.996 0.032 96 0 1.076
Table5.13 Zero-InterceptLinearRegressionCoefficients
for StationsonMain-StemBrazosRiver
(Flowsareinacre-feet/month.)
Stations r r Sylx n b m
10-15 0.617 0.380 116946 444 0 0.149
11-15 0.813 0.662 144003 444 0 0.318
12-15 0.849 0.721 140893 444 0 0.356
13-15 0.952 0.906 144299 444 0 0.712
14-15 0.993 0.986 68677 444 0 0.930
11-12 0.905 0.820 63051 444 0 0.531
12-13 1.000 0.979 35460 444 0 0.916
13-14 0.923 0.853 102349 444 0 0.512
14-15 0.971 0.943 112480 444 0 0.772
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Table5.14 LinearRegressionCoefficientsfor theSanJacintoBasinStations
for Flows atEachStationasaFunctionof CombinedFlows(acre-ftlmonth)
Station r S x n b m
4 .9273 .8599 56515 492 27173 6.491
5 .8636 .7458 76144 492 22759 20.18
6 .9141 .8356 61223 492 10435 22.68
1 .9411 .8856 51076 492 22565 3.014
2 .9470 .8968 15949 492 -3102 0.2939
3 .9398 .8832 51601 492 28201 8.656
8 .7924 .6279 92120 492 37993 21.40
11 .8248 .6804 85379 492 16500 19.83
10 .8319 .6920 83807 492 14658 5.602
9 .8287 .6867 84527 492 22556 6.842
12 .7332 .5376 102689 492 19829 13.03
13 .7033 .4946 107358 492 36695 17.35
Table5.15 LinearRegressionCoefficientsfortheSanJacintoBasinStations
for Flows atEachStationasaFunctionof CombinedFlows(inches/month)
Station r S x n b m
4 .9273 .8599 .3885 492 .1868 .7734
5 .8636 .7458 .5234 492 .1564 .8654
6 .9141 .8356 .4208 492 .0717 .8731
1 .9411 .8856 .3511 492 .1551 .8938
2 .9470 .8968 .3334 492 .2149 .9778
3 .9398 .8832 .3547 492 .1938 .9044
8 .7924 .6279 .6332 492 .2611 .5704
11 .8248 .6804 .5869 492 .1134 .6156
10 .8319 .6920 .5760 492 .1008 .7352
9 .8287 .6867 .5810 492 .1550 .7349
12 .7332 .5376 .7058 492 .1363 .4222
13 .7033 .4946 .7379 492 .2522 .4070
Table5.16 LinearRegressionCoefficientsfor theSanJacintoBasinStations
for FlowsfromAdjacentSubwatersheds(acre-ftlmonth)
Stations r r S x n b m
4-5 .8955 .8020 2844 456 761 .2872
5-6 .8509 .7240 3024 444 1063 .7580
6-1 .8831 .7799 20621 444 -367 6.744
1-2 .9120 .8318 9214 492 -166 .4345
2-3 .9264 .8582 5889 444 1118 .6882
3-8 .7778 .6050 29096 348 1057 .2490
8-11 .9000 .8099 2278 348 1340 1.016
11-10 .8540 .7293 11667 492 2781 3.049
9-10 .9897 .9796 3103 432 1096 1.266
10-12 .7661 .5869 5462 492 2117 .2903
12-13 .9189 .8444 2257 348 -340 .6615
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Table5.17 LinearRegressionCoefficientsfor theSanJacintoBasinStations
for FlowsfromAdjacentSubwatersheds(inches/month)
Stations r r2 S x n b m
4-5 .8955 .8020 .4558 456 .1220 .7980
5-6 .8509 .7240 .5400 444 .1898 .8446
6-1 .8831 .7799 .4779 444 -.0085 .8753
1-2 .9120 .8318 .4123 492 -.0074 .8389
2-3 .9264 .8582 .3875 444 .0736 1.012
3-8 .7778 .6050 .7503 348 .2727 .9760
8-11 .9000 .8099 .5043 348 .2966 .8719
11-10 .8540 .7293 .6111 492 .1457 .7212
9-10 .9897 .9796 .1625 432 .0574 1.036
10-12 .7661 .5869 1.16 492 .4491 1.176
12-13 .9189 .8444 .6613 348 -.0997 .9137
Table5.18 Zero-InterceptLinearRegressionCoefficientsfor SanJacintoBasinStations
for Flowsfor EachStationasaFunctionof CombinedFlows(acre-feet/month)
Stations r S x n b m
4 .9252 .8561 8176 492 0 .1271
5 .8626 .7441 3266 492 0 .0380
6 .9128 .8332 2483 492 0 .0380
1 .9396 .8829 16122 492 0 .2839
2 .9409 .8852 7603 492 0 .1311
3 .9362 .8764 5757 492 0 .0966
8 .7917 .6268 3412 492 0 .0301
11 .8145 .6633 3641 492 0 .0376
10 .8213 .6745 12782 492 0 .1355
9 .8241 .6792 10350 492 0 .1068
12 .6924 .4794 6125 492 0 .0495
13 .6843 .4682 4460 492 0 .0325
Table5.19 Zero-InterceptLinearRegressionCoefficientsfor SanJacintoBasinStations
for Flows for EachStationasaFunctionof CombinedFlows(inches/month)
Station r S x n b m
4 .9252 .8561 .4718 492 0 1.066
5 .8626 .7441 .5234 492 0 .8863
6 .9128 .8332 .4434 492 0 .9885
1 .9396 .8829 .3737 492 0 .9574
2 .9409 .8852 .3402 492 0 .8538
3 .9362 .8764 .3788 492 0 .9245
8 .7917 .6268 .8801 492 0 1.129
11 .8145 .6633 .8061 492 0 1.211
10 .8213 .6745 .6694 492 0 1.032
9 .8241 .6792 .6623 492 0 .9940
12 .6924 .4794 1.299 492 0 1.528
13 .6843 .4682 1.307 492 0 1.386
AnalvsisofFlowRatios
Equations6-1through6-5discussedinthenextchapterarebasedonthepremisethatthe
naturalizedmonthlyflowsQsubwatenhedITomeachindividualsubwatershedareapproximatelya
constantproportionoftheflowsQwatenbedITomtheoverallwatershed:
Qsubwatenhed= C Qwatenhed (5-8)
or
C =QsubwatenbcdI Qwatenhed
where C istheratiobetweenflowsattwolocations.TheflowsatthestationsintheBrazosand
SanJacintoRiverBasinsareusedto:
. examinethevalidityofthisbasicpremiseofaconstantC
. comparetheC withdrainagearearatios
VariationsinMonthlvandAnnualFlowRatios
For eachofthe444monthsand37yearsoftheperiod1940-76includedintheperiod-of-
analysisfor theBrazosBasinstationsandeachof the492monthsand41yearsduring1940-80
includedintheperiod-of-analysisfortheSanJacintoBasinstations,theflowsatselectedstations
areexpressedasaratioof thecorrespondingflowsatadownstreamlocation.Ratioshavebeen
computedwiththemonthlyandannualf owvolumesexpressedalternativelyinunitsof acre-feet
andinches.
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Table5.20Zero-InterceptLinearRegressionCoefficients
forSanJacintoBasinStationsforFlowsfromAdjacentSubwatersheds
(Flowsareinacre-feet/month.)
Station r r2 Sylx n b m
4-5 .8881 .7887 2968 492 0 .2884
5-6 .8538 .7290 3165 492 0 .8778
6-1 .9014 .8124 20401 492 0 6.866
1-2 .9120 .8317 9206 492 0 .4329
2-3 .9381 .8801 5673 492 0 .7055
3-8 .7297 .5324 3819 492 0 .2835
8-11 .9365 .8770 2201 492 0 1.159
11-10 .8485 .7199 11857 492 0 3.265
9-10 .9862 .9726 3709 492 0 1.252
10-12 .7410 .5491 5700 492 0 .3365
12-13 .9691 .9391 1434 492 0 .6622
. Flowsatstations1,2,3,4, 5,and6 intheLittleRiverwatershedareexpressedasaratioof
thecorrespondingflowsattheCamerongageontheLittleRiver(station7).
. Flowsatstation8areexpressedasaratioofflowsatstation9ontheNavasotaRiver.
· Flowsat stations10-14on themain-stemBrazosRiverareexpressedas a ratioof the
correspondingflowsattheRichmondgageontheBrazosRiver(station15).
· FlowsatthestationsintheSanJacintoRiverBasinareexpressedasaratioof thecombined
flows.
. Flowsatstation9arealsoexpressedasaratioofflowsatstationlOonBuffaloBayou.
Thetotalwatershedareaabovethe12stationsin theSanJacintoBasinis 2,730mile2.
Stations9 and10aretheonlystationslocatedon thesamestreamwithonestationbeing
upstreamofanother.Thecombinedflowtromtheentire2,730mile2watershedforeachmonthis
determinedastheadditionof theflowsatall stationsexceptstation9, whichis upstreamof
station10.
Theratiosof annualflows,in acre-feet/acre-feet,aretabulatedin Tables5.21and5.22.
The ratiosof annualflows,in inches/inches,aretabulatedin Tables5.23and5.24. The
correspondingtablesfor montWyflowshavebeendevelopedbutarenot reproducedin this
report.ThevaluesforC foreachmonthoryearateachstationarecomputedas:
C = flowratio = subwatershedQ
watershedQ
In general,theflowratio(valueofC)variesgreatlybetweenmonths.Thus,thereisnota
constantC for themontWyflowsatanyof thestations.Theratiosof annualflowsexhibit
significantlyessvariationtromyeartoyearthanthemonthlyvariationsbutstillvarysignificantly
ateachstation.
Theinches/inchesflowratiosinTables5.23and5.24foreachstationaretheannualf ows
at thestation,in inches,dividedbytheannualflows,in inches,at thespecifiedownstream
station.Aninchrepresentsavolumequivalenttocoveringthewatershedtoadepthofoneinch.
Thus,theseflow ratioshavebeennormalizedby dividingbythedrainagearea. Theseratios
wouldallbe1.00if flowswerestrictlyproportionaltodrainagearea,meaningsimpleapplication
of a drainagearearatiowoulddistributeflowswithperfectaccuracy.However,theflowratios
varysignificantlytrom1.00andbetweenyearsandvaryevenmorebetweenmonths.
ObservationsandConclusions
The basic conceptis to evaluatecapabilitiesfor predictingflows at individual
subwatershedsQ ubwatershedtromknownflowstromthelargerwatershedQwatershedbasedon a
relationshipoftheform:
Qsubwatershed= C Qwatershed (5-8)
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As discussedin Chapter6, theconstantC couldbe estimatedas a functionof watershed
characteristicssuchasdrainageareaA, meanprecipitationM, curvenumberCN, andother
parameters.TheBrazosandSanJacintoBasinstationsserveasatestcase.
Theanalysesindicatethatthereactuallyisnotauniformproportionalitybetweenlocations
for monthlyflowsforthecasestudydata.The ucoefficientC" variesgreatlybetweenmonths.
Thus,forthesedata,theflowsforanindividualmonthcannotbepredictedreliablyregardlessof
thewatershedparametersor formof therelationusedto determineC. Adoptinga modified
nonlinearformofthebasicrelationshipbetweenflowsatdifferentlocationsuchas
Qsubwatcrshed=C (Qwatcrshed)N (5-9)
provideslittleornoimprovementi predictivecapabilities.
However,formostapplicationsinwateravailabilitymodeling,predictingflowsreliablyfor
eachindividualmonthis notnecessaryaslongasreasonableaccuracyis achievedin themean,
flow-frequencyrelationships,andotherrelevantstatisticalcharacteristicsof the predicted
sequenceof flowsattheungagedsite.Thus,thecomparativeevaluationof alternativemethods
shouldfocusmoreon evaluatingcapabilitiesfor predictingflow-frequencyrelationshipsand
means.Equation5-8shouldbeviewedaspredictingtheexpectedvalue(probability-weighted
mean)ata location,givenaknownflowatanotherlocation.Theactualpredictedvaluein any
particularmonthmayvarysignificantlyfromtheestimatedxpectedvalue.
ComparisonofFlaw RatioswithDrainageAreas
Drainageareasforeachof thestationsaretabulatedin Tables5.1,5.6,5.7,5.25,5.26,
and5.27.Stations1-6intheLittleRiverwatershedareeachpairedwithstation7. Stations8and
9 ontheNavasotaRiverarepaired.Flowratiosinbothac-ft/ac-ftandinches/inchesareshownin
Tables5.25.5.26,and5.27.A valueof 1.0fortheflowratioin inches/inchesinthelastcolumn
of Tables5.25,5.26,and5.27wouldindicatethatthemeanflowsvarybetweenthetwostations
inthesameproportionastheirdrainageareas.
Eachof the 12 stationsin theSanJacintoBasinis pairedwiththecombinedtotal
watershed.Theratiosofdrainageareasforpairsofstationsarecomparedwiththecorresponding
ratiosof theperiod-of-analysismeanflows,in acre-feetlacre-feet,in Table5.28. Table5.28
includesall of thepairsof stationsincludedin Tables5.25,5.26,and5.27plusseveralother
stationpairings. Table5.28alsoincludesthedrainagearearatio (DAR) expressedas a
percentageof theflowratio(FR),whichis computedas(DAR/FR)100%.For example,the
drainageareaabovestation3is0.176ofthedrainageareaofstation7(stations3/7DAR=0.176).
The correspondingratio of meanflows is 0.158. Thus,the DAR/FR is 111 percent
[«0.0176/0.158)100%=111%] Thus,predictingstation3flowsbyapplyingaDAR tothestation
7 flowsresultsinpredictedflowswithameanof III percentofthemeanof theknownflowsat
station3. TheDAR rangesfrom45percentto393percentoftheFR forthevariouspairingsof
stations.If thedrainagearearatiomethodofdistributingflows(Equations6.1and6.2)worked
perfectly,theDAR wouldbe100percentoftheFR.
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Table5.21 AnnualFlow Ratiosfor StationsintheBrazosRiverBasin
in acre-feet/acre-feet
Station/Station
Year 1/7 2/7 3/7 4/7 5/7 6/7 8/9 10/15 11/15 12/15 1311514/15
1940 0.051 0.290 0.139 - - - 0.7710.118 0.224 0.260 0.632 0.916
1941 0.122 0.467 0.171 - - - 0.8060.260 0.405 0.413 0.746 0.882
1942 0.160 0.574 0.148 - - - 0.7920.168 0.426 0.467 0.810 0.955
1943 0.091 0.378 0.117 - - - 0.8080.116 0.275 0.258 0.664 0.876
1944 0.039 0.418 0.228 - - - 0.788 0.042 0.135 0.189 0.676 0.949
1945 0.061 0.457 0.217 - - - 0.7910.062 0.246 0.308 0.698 0.965
1946 0.052 0.371 0.109 - - - 0.7990.086 0.212 0.227 0.602 0.935
1947 0.037 0.313 0.126 - - - 0.792 0.143 0.245 0.277 0.606 0.941
1948 0.085 0.418 0.170 - - - 0.802 0.198 0.468 0.424 0.678 0.900
1949 0.258 0.440 0.124 - - - 0.757 0.183 0.379 0.395 0.625 0.977
1950 0.163 0.419 0.083 - - - 0.783 0.198 0.350 0.344 0.543 0.938
1951 0.165 0.381 0.104 - - - 0.6110.365 0.571 0.595 0.818 0.944
1952 0.194 0.409 0.246 - - - 0.848 0.043 0.228 0.271 0.595 0.892
1953 0.045 0.292 0.133 - - - 0.797 0.172 0.219 0.270 0.633 0.948
1954 0.257 0.248 0.304 - - - 0.726 0.478 0.576 0.614 0.757 0.924
1955 0.180 0.428 0.235 - - - 0.624 0.517 0.636 0.624 0.879 0.982
1956 0.472 0.744 0.204 - - - 0.815 0.171 0.513 0.518 0.866 1.019
1957 0.098 0.411 0.146 - - - 0.824 0.246 0.432 0.449 0.786 0.931
1958 0.047 0.321 0.166 - - - 0.7670.1230.301 0.325 0.745 0.934
1959 0.088 0.415 0.175 - - - 0.782 0.120 0.310 0.319 0.685 0.911
1960 0.029 0.298 0.189 - - - 0.730 0.104 0.206 0.228 0.640 0.880
1961 0.041 0.418 0.161 - - - 0.7950.093 0.250 0.283 0.630 0.856
1962 0.222 0.335 0.122 - - - 0.7360.328 0.506 0.559 0.793 0.932
1963 0.317 0.478 0.091 0.114 - - 0.429 0.345 0.449 0.536 0.694 0.941
1964 0.192 0.608 0.102 0.115 - - 0.6300.141 0.375 0.398 0.769 0.944
1965 0.049 0.374 0.162 0.185 - - 0.848 0.088 0.213 0.258 0.753 0.939
1966 0.073 0.345 0.147 0.172 - 0.151 0.809 0.190 0.343 0.395 0.754 0.922
1967 0.165 0.339 0.050 0.077 - 0.1760.883 0.271 0.402 0.469 0.883 0.951
1968 0.123 0.401 0.145 0.252 - 0.110 0.832 0.088 0.267 0.305 0.658 0.943
1969 0.139 0.333 0.146 0.201 0.057 0.147 0.771 0.178 0.350 0.394 0.672 0.929
1970 0.076 0.379 0.203 0.246 0.047 0.120 0.821 0.071 0.256 0.279 0.705 0.923
1971 0.107 0.603 0.106 0.177 0.024 0.069 0.791 0.258 0.529 0.558 0.877 0.970
1972 0.061 0.329 0.152 0.217 0.048 0.137 0.771 0.244 0.370 0.386 0.667 0.818
1973 0.065 0.271 0.106 0.145 0.068 0.184 0.812 0.049 0.179 0.228 0.542 0.870
1974 0.048 0.327 0.173 0.265 0.047 0.128 0.778 0.121 0.231 0.261 0.603 0.882
1975 0.033 0.293 0.160 0.177 0.062 0.173 0.803 0.089 0.222 0.261 0.658 0.892
1976 0.031 0.264 0.130 0.181 0.067 0.178 0.858 0.072 0.188 0.229 0.652 0.921
Mean 0.120 0.394 0.163 0.068 0.053 0.143 0.791 0.149 0.303 0.334 0.690 0.921
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Table5.22 AnnualFlow Ratiosfor StationsintheSanJacintoRiverBasinin acre-feet/acre-feet
Station/Station
Year lIC 2/C 3/C 4/C 5/C 6/C 8/C 9/C 9/10 lO/C ll/C 12/C 13/C
1940 0.366 0.143 0.096 0.161 0.039 0.048 0.013 0.071 0.862 0.082 0.018 0.040 0.013
1941 0.246 0.132 0.090 0.121 0.035 0.037 0.037 0.144 0.861 0.167 0.047 0.053 0.035
1942 0.268 0.107 0.069 0.157 0.051 0.052 0.032 0.107 0.780 0.137 0.043 0.024 0.031
1943 0.198 0.106 0.071 0.094 0.034 0.030 0.057 0.118 0.730 0.161 0.075 0.018 0.070
1944 0.266 0.113 0.086 0.089 0.036 0.038 0.043 0.165 0.863 0.191 0.053 0.034 0.034
1945 0.299 0.135 0.096 0.124 0.035 0.038 0.026 0.130 0.828 0.157 0.034 0.047 0.021
1946 0.265 0.134 0.101 0.129 0.042 0.039 0.035 0.107 0.765 0.140 0.042 0.061 0.029
1947 0.278 0.121 0.090 0.128 0.051 0.043 0.023 0.121 0.799 0.151 0.034 0.022 0.029
1948 0.366 0.105 0.031 0.126 0.070 0.058 0.013 0.076 0.768 0.099 0.030 0.007 0.035
1949 0.198 0.101 0.098 0.144 0.075 0.047 0.037 0.115 0.770 0.149 0.046 0.032 0.041
1950 0.325 0.147 0.084 0.141 0.055 0.047 0.021 0.061 0.715 0.086 0.031 0.028 0.023
1951 0.225 0.098 0.067 0.129 0.084 0.078 0.017 0.096 0.625 0.154 0.042 0.003 0.037
1952 0.277 0.117 0.116 0.111 0.043 0.046 0.018 0.129 0.751 0.172 0.034 0.011 0.024
1953 0.282 0.110 0.100 0.126 0.042 0.030 0.021 0.134 0.809 0.166 0.034 0.022 0.034
1954 0.207 0.077 0.104 0.097 0.044 0.046 0.063 0.183 0.799 0.229 0.063 0.007 0.023
1955 0.302 0.080 0.056 0.145 0.041 0.046 0.023 0.113 0.690 0.164 0.038 0.008 0.040
1956 0.275 0.051 0.037 0.125 0.051 0.067 0.022 0.117 0.647 0.180 0.048 0.003 0.043
1957 0.337 0.080 0.066 0.143 0.031 0.033 0.020 0.123 0.775 0.159 0.038 0.025 0.046
1958 0.330 0.124 0.079 0.133 0.049 0.044 0.017 0.081 0.696 0.116 0.030 0.016 0.032
1959 0.260 0.098 0.075 0.106 0.030 0.036 0.031 0.121 0.725 0.167 0.057 0.027 0.067
1960 0.303 0.131 0.105 0.105 0.032 0.041 0.021 0.119 0.739 0.160 0.033 0.044 0.028
1961 0.240 0.130 0.085 0.106 0.047 0.040 0.041 0.131 0.729 0.180 0.048 0.042 0.033
1962 0.249 0.060 0.034 0.132 0.044 0.057 0.034 0.134 0.669 0.200 0.052 0.011 0.042
1963 0.253 0.067 0.040 0.123 0.036 0.053 0.030 0.119 0.642 0.185 0.051 0.010 0.055
1964 0.290 0.056 0.061 0.149 0.038 0.052 0.045 0.120 0.748 0.160 0.040 0.013 0.044
1965 0.400 0.074 0.072 0.072 0.020 0.031 0.022 0.132 0.733 0.181 0.033 0.013 0.035
1966 0.238 0.089 0.094 0.099 0.028 0.032 0.038 0.128 0.670 0.192 0.045 0.022 0.064
1967 0.176 0.049 0.054 0.098 0.032 0.049 0.036 0.169 0.652 0.259 0.060 0.006 0.065
1968 0.301 0.116 0.092 0.113 0.023 0.035 0.020 0.137 0.770 0.177 0.030 0.037 0.035
1969 0.304 0.097 0.073 0.125 0.032 0.040 0.025 0.103 0.699 0.147 0.038 0.023 0.050
1970 0.097 0.055 0.088 0.049 0.026 0.024 0.053 0.183 0.605 0.302 0.072 0.017 0.081
1971 0.075 0.028 0.074 0.049 0.023 0.027 0.042 0.226 0.645 0.351 0.093 0.009 0.075
1972 0.124 0.107 0.118 0.062 0.028 0.023 0.045 0.201 0.721 0.279 0.056 0.020 0.057
1973 0.269 0.127 0.092 0.124 0.049 0.034 0.032 0.097 0.727 0.134 0.040 0.065 0.041
1974 0.251 0.096 0.087 0.146 0.051 0.049 0.028 0.109 0.700 0.155 0.044 0.043 0.032
1975 0.257 0.107 0.078 0.133 0.052 0.049 0.027 0.090 0.633 0.142 0.045 0.035 0.039
1976 0.262 0.090 0.077 0.103 0.037 0.043 0.047 0.110 0.819 0.134 0.058 0.029 0.057
1977 0.284 0.132 0.072 0.112 0.042 0.044 0.033 0.074 0.820 0.091 0.049 0.021 0.049
1978 0.222 0.117 0.098 0.080 0.029 0.035 0.042 0.131 0.819 0.160 0.061 0.021 0.053
1979 0.295 0.155 0.095 0.110 0.031 0.040 0.025 0.088 0.819 0.108 0.034 0.064 0.040
1980 0.184 0.109 0.112 0.079 0.028 0.030 0.051 0.134 0.817 0.164 0.066 0.021 0.063
Mean 0.267 0.115 0.087 0.118 0.040 0.040 0.031 0.118 0.755 0.156 0.043 0.026 0.039
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Table5.23 AnnualFlow Ratiosfor StationsintheBrazosRiverBasin
in inches/inches
Station/Station
Year 1/7 2/7 3/7 4/7 5/7 6/7 8/9 10/15 11/15 12/15 13/15 14/15
1940 0.286 0.578 0.578 - - - 1.159 0.223 0.370 0.395 0.720 0.939
1941 0.682 0.930 0.930 - - - 1.211 0.491 0.669 0.628 0.849 0.904
1942 0.894 1.143 1.143 - - - 1.189 0.317 0.703 0.710 0.922 0.980
1943 0.511 0.752 0.752 - - - 1.214 0.219 0.455 0.393 0.756 0.899
1944 0.216 0.833 0.833 - - - 1.183 0.080 0.224 0.287 0.770 0.973
1945 0.341 0.911 0.911 - - - 1.187 0.117 0.406 0.469 0.795 0.990
1946 0.290 0.740 0.740 - - - 1.200 0.163 0.349 0.346 0.686 0.959
1947 0.210 0.623 0.623 - - - 1.189 0.271 0.405 0.421 0.690 0.965
1948 0.473 0.833 0.833 - - - 1.204 0.375 0.773 0.646 0.772 0.923
1949 1.444 0.876 0.876 - - - 1.138 0.347 0.626 0.601 0.711 1.002
1950 0.910 0.834 0.834 - - - 1.176 0.373 0.578 0.524 0.619 0.962
1951 0.922 0.760 0.760 - - - 0.918 0.689 0.943 0.906 0.931 0.969
1952 1.085 0.815 0.815 - - - 1.273 0.081 0.377 0.413 0.678 0.915
1953 0.250 0.581 0.581 - - - 1.197 0.325 0.362 0.411 0.721 0.972
1954 1.436 0.495 0.495 - - - 1.090 0.904 0.952 0.934 0.862 0.948
1955 1.009 0.853 0.853 - - - 0.937 0.978 1.050 0.950 1.001 1.007
1956 2.641 1.483 1.483 - - - 1.225 0.323 0.847 0.789 0.986 1.045
1957 0.546 0.819 0.819 - - - 1.2380.465 0.714 0.683 0.895 0.955
1958 0.262 0.640 0.640 - - - 1.152 0.233 0.497 0.494 0.849 0.958
1959 0.495 0.826 0.826 - - - 1.175 0.227 0.511 0.485 0.780 0.934
1960 0.162 0.593 0.593 - - - 1.096 0.196 0.340 0.347 0.729 0.902
1961 0.227 0.833 0.833 - - - 1.193 0.176 0.412 0.430 0.717 0.878
1962 1.240 0.667 0.667 - - - 1.106 0.620 0.835 0.850 0.903 0.956
1963 1.773 0.953 0.953 0.606 - - 0.644 0.651 0.742 0.815 0.790 0.965
1964 1.074 1.212 1.212 0.612 - - 0.947 0.267 0.620 0.605 0.876 0.968
1965 0.273 0.745 0.745 0.985 - - 1.273 0.166 0.351 0.393 0.858 0.963
1966 0.406 0.686 0.686 0.919 - 1.441 1.215 0.360 0.567 0.600 0.859 0.945
1967 0.923 0.675 0.675 0.413 - 1.687 1.327 0.511 0.664 0.714 1.006 0.976
1968 0.686 0.800 0.800 1.344 - 1.049 1.250 0.166 0.441 0.463 0.749 0.967
1969 0.780 0.664 0.664 1.072 1.628 1.403 1.159 0.336 0.578 0.600 0.766 0.953
1970 0.425 0.756 0.756 1.315 1.331 1.151 1.233 0.134 0.423 0.424 0.803 0.946
1971 0.601 1.201 1.201 0.946 0.692 0.661 1.188 0.487 0.873 0.849 0.999 0.995
1972 0.339 0.656 0.656 1.160 1.364 1.309 1.159 0.461 0.612 0.587 0.759 0.839
1973 0.366 0.539 0.539 0.774 1.933 1.756 1.219 0.092 0.296 0.347 0.617 0.893
1974 0.268 0.652 0.652 1.413 1.348 1.228 1.168 0.229 0.382 0.398 0.687 0.904
1975 0.184 0.584 0.584 0.943 1.758 1.653 1.206 0.169 0.367 0.397 0.750 0.915
1976 0.172 0.525 0.525 0.966 1.919 1.699 1.289 0.136 0.311 0.348 0.743 0.944
Mean 0.670 0.786 0.786 0.962 1.497 1.367 1.188 0.282 0.500 0.508 0.786 0.944
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Table5.24 AnnualFlow Ratiosfor StationsintheSanJacintoRiverBasinin inches/inches
Station/Station
Year lIC 2/C 3/C 4/C 5/C 6/C 8/C 9/C 9/7 lO/C ll/C l2/C 13/C
1940 1.233 0.929 0.919 1.354 0.900 1.242 0.502 0.659 1.054 0.626 0.594 1.240 0.549
1941 0.828 0.859 0.860 1.013 0.810 0.960 1.398 1.342 1.053 1.275 1.525 1.639 1.480
1942 0.904 0.696 0.662 1.321 1.192 1.360 1.183 0.998 0.954 1.046 1.398 0.740 1.328
1943 0.666 0.691 0.684 0.787 0.781 0.787 2.140 1.094 0.892 1.227 2.428 0.565 2.977
1944 0.898 0.737 0.819 0.743 0.831 0.984 1.609 1.533 1.054 1.454 1.712 1.052 1.430
1945 1.007 0.878 0.916 1.038 0.809 0.993 0.986 1.211 1.011 1.198 1.093 1.441 0.904
1946 0.893 0.872 0.965 1.081 0.971 1.005 1.301 1.000 0.935 1.070 1.353 1.889 1.240
1947 0.937 0.790 0.865 1.073 1.194 1.114 0.878 1.124 0.976 1.152 1.099 0.670 1.232
1948 1.235 0.686 0.298 1.059 1.640 1.515 0.493 0.706 0.938 0.752 0.962 0.211 1.493
1949 0.668 0.658 0.935 1.212 1.753 1.227 1.370 1.067 0.940 1.134 1.494 0.973 1.744
1950 1.094 0.955 0.802 1.182 1.272 1.225 0.799 0.570 0.873 0.653 0.993 0.867 0.994
1951 0.758 0.639 0.641 1.087 1.957 2.017 0.648 0.895 0.764 1.172 1.360 0.106 1.579
1952 0.933 0.760 1.111 0.930 1.011 1.204 0.665 1.205 0.917 1.314 1.110 0.340 1.025
1953 0.950 0.719 0.962 1.060 0.980 0.772 0.773 1.252 0.988 1.267 1.105 0.670 1.452
1954 0.697 0.499 0.995 0.812 1.014 1.193 2.364 1.701 0.976 1.743 2.027 0.211 0.981
1955 1.019 0.518 0.533 1.219 0.956 1.185 0.868 1.053 0.844 1.249 1.224 0.250 1.694
1956 0.926 0.335 0.358 1.050 1.189 1.746 0.826 1.086 0.790 1.374 1.530 0.105 1.812
1957 1.137 0.520 0.631 1.200 0.725 0.866 0.768 1.145 0.947 1.209 1.235 0.770 1.968
1958 1.112 0.806 0.758 1.115 1.149 1.147 0.649 0.753 0.850 0.886 0.968 0.500 1.384
1959 0.877 0.639 0.722 0.886 0.709 0.932 1.158 1.128 0.886 1.273 1.823 0.844 2.840
1960 1.023 0.852 1.003 0.883 0.743 1.061 0.795 1.104 0.903 1.222 1.052 1.371 1.206
1961 0.808 0.844 0.811 0.893 1.100 1.034 1.539 1.222 0.891 1.372 1.531 1.286 1.424
1962 0.838 0.391 0.325 1.111 1.023 1.471 1.273 1.249 0.818 1.528 1.660 0.350 1.798
1963 0.852 0.435 0.386 1.029 0.849 1.374 1.139 1.106 0.784 1.411 1.657 0.303 2.360
1964 0.979 0.362 0.583 1.249 0.887 1.349 1.677 1.117 0.914 1.221 1.272 0.408 1.873
1965 1.350 0.482 0.686 0.605 0.457 0.808 0.819 1.231 0.895 1.375 1.077 0.394 1.476
1966 0.803 0.580 0.897 0.833 0.641 0.829 1.416 1.195 0.818 1.461 1.436 0.668 2.721
1967 0.595 0.320 0.517 0.821 0.743 1.273 1.356 1.573 0.796 1.976 1.937 0.193 2.782
1968 1.013 0.757 0.884 0.949 0.540 0.914 0.735 1.271 0.941 1.351 0.958 1.156 1.511
1969 1.026 0.631 0.697 1.046 0.743 1.041 0.956 0.959 0.854 1.123 1.233 0.714 2.123
1970 0.328 0.357 0.840 0.410 0.615 0.634 1.998 1.703 0.739 2.304 2.318 0.527 3.467
1971 0.252 0.182 0.708 0.412 0.535 0.702 1.584 2.106 0.788 2.673 2.992 0.268 3.206
1972 0.419 0.695 1.129 0.519 0.659 0.603 1.692 1.875 0.881 2.129 1.805 0.626 2.409
1973 0.906 0.829 0.881 1.044 1.151 0.885 1.203 0.904 0.888 1.018 1.281 2.014 1.734
1974 0.847 0.626 0.831 1.226 1.186 1.274 1.048 1.012 0.855 1.183 1.421 1.331 1.354
1975 0.868 0.696 0.750 1.120 1.223 1.275 1.012 0.835 0.774 1.079 1.451 1.075 1.642
1976 0.884 0.583 0.735 0.865 0.868 1.110 1.749 1.020 1.001 1.019 1.865 0.884 2.410
1977 0.956 0.859 0.686 0.944 0.973 1.132 1.225 0.693 1.002 0.692 1.567 0.640 2.100
1978 0.749 0.764 0.939 0.675 0.679 0.897 1.575 1.219 1.000 1.219 1.955 0.652 2.245
1979 0.995 1.010 0.912 0.924 0.726 1.040 0.950 0.820 1.000 0.820 1.082 1.976 1.697
1980 0.620 0.713 1.073 0.664 0.663 0.783 1.928 1.246 0.999 1.247 2.136 0.643 2.686
Mean 0.900 0.746 0.836 0.989 0.928 1.042 1.177 1.095 0.922 1.188 1.392 0.814 1.677
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Table5.25 DrainageAreaandFlow Ratiosfor StationsintheBrazosRiverBasin
DrainageDrainage Mean Flow Mean Flow
Station Stream Area Area Flow (ac-ft/yr) Flow (inches/yr)
(mile2) Ratio (ac-ft/yr) Ratio (inches/yr) Ratio
1 LeonRiver 1,261 0.178 114,812 0.086 1.71 0.484
2 LeonRiver 3,542 0.501 518,327 0.390 2.74 0.776
3 LampasasRiver 1,240 0.176 210201 0.158 3.18 0.901
4 LampasasRiver 1,321 0.187 261,249 0.197 3.71 1.050
5 SanGabrielRiver 248 0.035 69,573 0.052 5.26 1.490
6 SanGabrielRiver 738 0.104 189,608 0.143 4.82 1.365
7 LittleRiver 7,065 - 1,328,563 - 3.53
8 NavasotaRiver 968 0.666 319,479 0.817 6.19 1.228
9 NavasotaRiver 1,454 - 390,989 - 5.04
Table5.26 Ratiosof StationVersusCombinedAreasandFlows
for theStationsintheSanJacintoRiverBasin
DrainageDrainage Mean Flow Mean Flow
Station Stream Area Area Flow (ac-ft/yr) Flow (inches/yr)
(mile2) Ratio (ac-ft/yr) Ratio (inches/yr) Ratio
1 WF SanJacinto 809 0.297 370,000 0.267 8.6 0.90
2 SpringCreek 419 0.154 158,000 0.115 7.1 0.75
3 CypressCreek 285 0.105 121,000 0.0870 8.0 0.84
4 EF SanJacinto 325 0.119 163,000 0.118 9.4 0.99
5 PeachCreek 117 0.0429 55,200 0.0398 8.8 0.93
6 CaneyCreek 105 0.0385 55,600 0.0401 9.9 1.04
8 GreensBayou 72.7 0.0267 43,500 0.0314 11.2 1.18
9 BuffaloBayou 293 0.107 163,000 0.118 10.4 1.10
10 BuffaloBayou 358 0.131 216,000 0.156 11.3 1.19
11 WhiteBayou 84.7 0.0310 59,900 0.0432 13.3 1.40
12 BraysBayou 88.4 0.0324 88,100 0.0260 18.7 0.81
13 SimsBayou 64.0 0.0235 54,500 0.0393 16.0 1.68
Combined 2,728 1,386,400 9.53
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Table5.27DrainageAreaandFlowRatiosforStationsintheSulphurRiverBasin
DrainageDrainage Flow Flow
Station Stream Area Area (ac-ftlyr) (inches/yr)
mile2 Ratio Ratio Ratio
A SouthSulphur 541 0.392 320,670 0.337 11.1 0.860
B NorthSulphur 311 0.225 175,270 0.184 10.6 0.822
C Sulphur 1,380 - 952,520 - 12.9
D WhiteOakCreek 546 0.192 387,050 0.195 13.3 1.015
E Sulphur 2,850 - 1,983,620- 13.1
Table5.28ComparisonofFlowRatiosandDrainageAreaRatios
BrazosRiverBasinStations SanJacintoBasinStations
D. Area Flow DAR/FR D. Area Flow DAR/FR
Station Ratio Ratio Percent Station Ratio Ratio Percent
1/7 0.178 0.086 206.54 lIC 0.297 0.267 111.2
2/7 0.501 0.390 128.50 2/C 0.154 0.105 133.9
3/7 0.176 0.158 110.93 3/C 0.104 0.087 120.7
4/7 0.187 0.197 95.09 4/C 0.119 0.118 100.8
5/7 0.035 0.052 67.03 5/C 0.043 0.040 107.8
6/7 0.104 0.143 73.19 6/C 0.038 0.040 96.0
1/2 0.356 0.222 160.72 8/C 0.027 0.031 85.0
3/4 0.939 0.805 116.66 9/C 0.107 0.118 90.7
5/6 0.336 0.367 91.58 101C 0.131 0.156 84.0
8/9 0.666 0.817 81.48 11/C 0.031 0.043 71.8
10I 15 0.529 0.135 393.05 121C 0.032 0.026 124.6
11I 15 0.605 0.274 220.65 13IC 0.023 0.039 59.8
12I 15 0.657 0.302 217.49 9110 0.818 0.755 108.3
13I 15 0.878 0.626 140.26
14I 15 0.975 0.835 116.78 SulphurRiverBasin
10I 11 0.874 0.491 178.13 D. Area Flow DAR/FR
11I 12 0.921 0.908 101.45 Station Ratio Ratio Percent
12I 13 0.748 0.483 155.07
13I 14 0.901 0.750 120.10 AlC 0.392 0.337 116.32
7113 0.179 0.332 53.92 B/C 0.225 0.184 122.28
9114 0.033 0.073 45.29 DIE 0.192 0.195 98.46
BIA 0.575 0.545 105.50
CHAPTER 6
COMPARATIVE EVALUATION OF
ALTERNATIVE APPROACHES FOR DISTRIBUTING FLOWS
Chapter6 is acomparativeevaluationof alternativemethodsoutlinedinChapter4 based
onusingthenaturalizedflowsatthestationsintheBrazos,SanJacinto,andSulphurRiverBasins
describedin Chapter5. Chapter6 beginswitha descriptionof theflowdistributionmethods
testedandtheestimationof valuesfor theparametersincorporatedin thesemethods.Next,
relationshipsareexaminedbetweentheflowregressioncoefficientscomputedin Chapter5 and
combinationsoftheratiosofdrainageareas,meanprecipitation,andcurvenumbersrepresenting
landuseandsoiltype.Thelastsectionof thechaptersummarizestheresultsof a comparative
evaluationof flowspredictedusingalternativeflowdistributionapproaches.Alternativemethods
areappliedto predictflowsatselectedstationsfromknownflowsatotherstations.Theflows
computedwiththealternativemethodsarecomparedwitheachotherandwiththeknownflows
atthestation.
AlternativeFlowDistributionMethods
All ofthemethodsdescribedinChapter4fordistributingflowsfromgagedwatershedsto
ungagedsubwatershedshavebeenconsideredinthisinvestigationtovaryingextents.However,
basedonconsiderationsoutlinedinChapters3,4,and5,theanalysesreportedinChapter6focus
on thefollowingalternativeapproaches,whicharelistedin hierarchicalorderfromsimpleto
complex.
1. distributionofflowsinproportiontodrainagearea(Equations6-1,6-2,and6-3)
2. distributionof flows in proportionto drainagearea,CN, andmeanprecipitation
(Equations6-1,6-4,and6-5)
3. adaptationof theNaturalResourceConservationServicecurvenumber(CN) method
(Equations6-6and6-7)
4. applicationoftheSoilandWaterAssessmentTool(SWAT)hydrologicsimulationmodel
a. developrelationshipsbetweenflowsatgagedandungagedlocationsusingSWAT
b. directlyuseflowsequencesdevelopedbySWAT
Thefirstthreeapproachesandestimationof theirparameters(drainagearea,CN, andmean
precipitation)aredescribednext,followedbyaseparatesectionaddressingapplicationofSWAT.
DistributionofFlows inProportiontoRatiosof WatershedParameters
The first andsecondapproachesli tedaboveinvolvemultiplyingflowsby ratiosof
watershedparameters.Naturalizedmonthlystreamflowsaretransposedfromagagedsitetoan
ungagedsitebythefollowingsimplelinearelationdiscussedinpreviouschapters:
Qungaged= C Qgage (6-1)
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whereC isaconstant.ThegeneralstrategyofusingEquation6-1forcomputingflowsrequires
thatthe coefficientC be estimatedfrom characteristicsof boththe gagedand ungaged
watersheds.A logicalapproachfor relatingC to watershedcharacteristicss to expressC in
termsof theratioof parameterssuchasdrainagearea,meanprecipitation,curvenumber,and
otherparameters.Themostcommonapproachistosimplyusethedrainagearearatio:
c=(~~)
N
gage
(6-2)
If theexponentN isdeterminedtobeone,theexpressionforC isasfollows:
(6-3)
Alternatively,ratiosforotherwatershedparametercouldalsobeused.C maybeexpressedasa
functionof meanprecipitationM, curvenumberCN, andotherparameters,aswellasdrainage
areaA.
C =
(
AI/ngaged
)
Nt
(
MI/ngaged
)
N2
(
CN I/ngaged
)
N3
(
Otherl/ngaged
)
N4
Agage Mgage CNgage Othergage
(6-4)
If alltheexponentsN;areassumedtobeunity,theconstantC wouldberelatedtothewatershed
characteristicsas
C =
(
AI/ngaged
)(
MI/ngaged
) (
CNI/ngaged
)(
Otherl/ngaged
)Agage M gage CN gage Othergage
(6-5)
NRCS CurveNumber(CN)MethodAdaptation
The NaturalResourceConservationService(NRCS) curvenumber(CN) method
adaptationis advantageousovertheparameterratioapproach(Equations6.1and6.4)fromthe
perspectiveof providinga moreconceptualrelationshipfor incorporatingtheCN andmean
precipitation.Theconceptof distributingflowsin directproportionto drainageareais also
explicitlyinherentintheNRCSCN method.If theCN andmeanprecipitationareassumedtobe
identicalfor bothwatersheds,theNRCS CN methodadaptationpredictsidenticallythesame
flowsasthedrainagearearatiomethod.
TheNRCS CN methodis awidelyappliedapproachforpredictingtherunoffvolumeto
resultfroma specifiedprecipitationvolume.Thegeneralmethodologyis modifiedherefor
transferringflowsfromonelocationtoanother.Thus,themethodisbeingadaptedtoadifferent
typeof applicationthanthatfor whichit wasoriginallydeveloped.Theprocedurehasbeen
modifiedin thisinvestigationfor applicabilityo thetaskof distributingflows. As normally
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applied,stormrunoffvolumesarecomputedforgivenprecipitationvolumes.In theadaptation,
monthlystreamflowvolumesataspecifiedlocationarecomputedforgivenmonthlyflowvolumes
atanotherlocation.
Chapter4 outlinesboththeconventionalNRCScurvenumbermethod(Equation4-4)and
thestep-by-stepprocedureforadaptingthemethodtotransposingflowsftomgagedtoungaged
sites.TheNRCS CN methodisbasedonthefollowingrelationshipbetweenrainfalldepthP, in
inches,andrunoffdepthQ, ininches.
Q =
(p-0.2S)2
P +0.8S (6-6)
Q =0 if P < 0.2S
S _ 1,000- CN -10
P andQ ininchesmustbemultipliedbythewatershedareatoobtainvolumesinacre-feetorother
units.ThepotentialmaximumretentionS, ininches,isexpressedintermsofacurvenumberCN
whichisadimensionlesswatershedparameterrangingftom0to 100.The watershedparameter
CN isdeterminedftomempiricalinformation,suchasthatreproducedasTable4.1,developedby
theNRCS asafunctionofwatershedsoiltype,landcover/use/condition,andantecedentmoisture
condition.
ThecomputationalalgorithmforthemodifiedNRCSCN methodconsistsofthefollowing
stepsperformedforeachmonth.
StepJ: Theflow at thegage,in acre-feet/month,is dividedbythedrainageareaAgagcand
multipliedbyaunitconversionfactortoconverttoanequivalentdepthQgageininches.
Step2: Qgagcis inputto Equation6-6to obtainPgagein inches.An iterativealgorithmis
requiredtosolveforP givenQ. Thisapproximationforprecipitationdepthisassumed
to beapplicableto theungagedsubwatershedaswellasthegagedwatershed.Base
flowisbeingdistributedalongwithstormrunoff,allinthesameproportion.
Step3: Theprecipitationdepthis adjustedbymultiplyingPgagebytheratioof thelong-term
meanprecipitationdepthMungagcdof thesubwatershedto thatof thewatershedMgagcdto
obtain a P ungagcd.
(
Mungaged
JadjustedPungaged= Pgage M gage
(6-7)
Step4: Pungagcdis inputintotheEquation6-6 to obtainQungagcdin inches. Qungagedin inchesis
multipliedbyAungagedan aunitconversionfactorto converto flow in acre-feet/month.
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WatershedParametersfor theSelectedStations
1NRCC/CRWRGIS
During 1998-1999,the Centerfor Researchin WaterResources(CRWR) at the
Universityof Texas,undercontractwith the TNRCC, is developingan ArcView based
geographicnformationsystem(GIS)to:
· delineatethespatialconnectivityofgagingstations,waterights,andotherpertinentsites
· determinethedrainagearea,curvenumber,andmeanprecipitationfor eachwaterright
andpertinentstreamgagingstationinthe22riverbasins
Theinvestigationreportedhereinprovidedabasistodeterminethetypesofwatershedparameters
tobeadoptedfor thestatewidewateravailabilitymodelingeffort.TheBrazosandSanJacinto
RiverBasinanalysespresentedherewereperformedpriortotheCRWRdevelopingtheGIS. The
SulphurRiverBasinanalyseswereperformedlaterandusedwatershedparametersdevelopedby
theGIS. ThecurvenumberandmeanannualprecipitationdatafortheSulphurRiverBasinwere
developedbytheCRWRforuseintheTNRCClBrandeswateravailabilitymodelingstudy.
TheCRWRGIS usesdigitalelevationmodelsproducedbytheU.S.GeologicalSurveyto
delineatewatersheds.TheGIS usesa griddatabaseof curvenumbers(CN) developedbythe
BlacklandResearchCenteroftheTexasAgriculturalExperimentS ation(TAES) in conjunction
withthenationwideHydrologicUnitModelingoftheUnitedStates(HUMUS)projectsponsored
by theUSDA NaturalResourceConservationService(NRCS). The grid of meanannual
precipitationadoptedfor theGIS wasdevelopedat OregonStateUniversityfor theNRCS
(HudgensandMaidment1998).
WatershedParameters
Theonlyparametersrequiredforthedrainagearearatioapproach(Equation6-2)arethe
watershedareasof allpertinentsites.ThecurvenumberCNandmeanprecipitationaswellas
drainageareasareusedin boththeparameterratio(Equation6-4)approachandNRCS CN
methodadaptation(Equation6-6).Thissectiondescribesestimatesof thesethreeparametersfor
thesethreeflowdistributionapproaches.
EstimatesofparametervaluesforthewatershedsofthegagingstationsintheBrazos,San
Jacinto,andSulphurRiverBasinsarepresentedin Tables6.1,6.2,and6.3,respectively.The
drainageareaspublishedbytheUSGS in thegagingstationinformationwereadoptedfor the
stationsin theBrazosandSanJacintoBasins.Themeanannualprecipitationvaluesfor the
BrazosandSanJacintowatershedswereestimatedftoma meanannualprecipitationmapfor
Texaspublishedby theTexasWaterDevelopmentBoard(1984). Estimationof CNs for
subwatershedsin theBrazosandSanJacintoBasinsarediscussedin thefollowingparagraphs.
Thedrainagearea,meanprecipitation,andCN dataforthestationsin theSulphurBasinwere
takenftomtheTNRCClBrandesreport(R. 1.BrandesCompany1999). Thesedatafor the
SulpurBasinweredevelopedinconjunctionwiththeTNRCC/CRWRGIS projectnotedabove.
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Stations10-15on theBrazosRiver haveextremelylargecomplicatedwatersheds.
Consequently,curvenumberswerenotestimated.Thedrainagearearatiomethodis theonly
flowdistributionapproachappliedtothestationsonthemain-stemBrazosRiver.
For theSanJacintoRiverBasin,Table6.2includesparametervaluesfor thecombined
watershedaboveallofthestations.Thecombineddrainageareaisthesummationoftheareasfor
all stationsexceptstation9, sincethestation9 drainageareais includedin thestation10area.
TheCN andmeanprecipitationfor thecombinedwatershedwasestimatedasa drainagearea-
weightedaverageofthevaluesfortheindividualsubwatersheds.
ThecurvenumbersCN fortheBrazosandSanJacintowatershedsabovethestationswere
estimatedbasedonreviewingNRCSsoilmapsandUSGSquadranglemapstodeterminesoiltype
andlanduse. Thepercentageofeachwatershedrepresentedbyeachpredominatesoiltypeand
landusewasrelatedtothestandardNRCS CNtable(Table4.1)to estimateacompositeCNfor
thewatershed(Equation4-5).Thelanduseandsoiltypeestimatesforeachwatershedareshown
inTables6.4and6.5.Thecurvenumberestimatesarenecessarilyapproximateandof courseare
determinedwithlessprecisionthanimpliedbythesignificantfigureshowninTables6.3and6.4.
Table6.1WatershedParametersfortheStations
intheBrazosRiverBasin
Station
Curve
Number
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1 1,261 81.6 27.1
2 3,542 79.2 30.0
3 1,240 80.1 28.5
4 1,321 78.5 32.3
5 248 82.8 31.7
6 738 82.8 31.5
7 7,065 79.7 30.1
8 968 83.3 37.7
9 1,454 83.3 39.0
10 23,811
11 27,244
12 29,573 - 25
13 39,515 - 27
14 43,880
15 45,007 - 28
Table 6.2 WatershedParametersfor the Stations
in the SanJacinto River Basin
Station
Curve
Number
Table6.3 WatershedParametersfortheStationsinthe
SulphurRiverBasin(R.1.BrandesCompany1999)
Station
Curve
Number
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1 809 66.5 42.9
2 419 70.8 42.7
3 285 82.8 43.0
4 325 64.8 45.0
5 117 64.7 45.0
6 105 62.7 44.5
8 72.7 84.5 44.8
9 293 83.6 43.1
10 358 83.4 43.2
11 84.7 88.1 45.0
12 88.4 88.9 45.5
13 64.0 86.3 45.5
Combined 2,728 73.0 43.6
A 541 64.4 42.7
B 311 70.0 43.2
C 1,382 69.5 43.4
D 546 70.8 44.1
E 2,849 69.0 44.4
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Table6.4 WatershedCharacteristicsUsedtoEstimateCurveNumbers
fortheStationsintheBrazosRiverBasin
Station CN LandUse SoilType
1 81.6 20%Crops,80%Pasture 60%C,40%D
2 79.2 10%Crops,40%Pasture,50% 50%C,50%D
MilitaryReserve(Brush,
Meadow)
3 80.1 15%Crops,65%Pasture,25% 60%C,40%D
Brush
4 78.5 15%Crops,65%Pasture,25% 15%B,40%C,45%D
Brush
5 82.8 20%Crops,80%Pasture 35%C,65%D
6 82.8 20%Crops,80%Pasture 65%D,35%C
7 79.7 15%Crops,65%Pasture,10% 50%C,50%C
8 83.3 20%Crops,80%Pasture 20%Crops,80%Pasture
9 83.3 20%Crops,80%Pasture 20%Crops,80%Pasture
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Table6.5. WatershedCharacteristicsUsedtoEstimateCurveNumbers
for theStationsintheSanJacintoRiverBasin
Station CN LandUse SoilType
1 66.5 60%woods;8%crops; 15%A; 50%B
32%pasture 35%D
2 70.8 40%woods;12%crops 10%A; 35%B
48%pasture 35%C;20%D
3 82.8 20%residential;8%crops 50%C
32%pasture 50%D
4 64.8 100%woods 75%B; 25%D
5 64.7 90%woods;2%crops 75%B; 15%C
8%pasture 10%D
6 62.7 90%forest;2%crops 10%A; 65%B
8%pasture 10%C; 15%D
8 84.5 40%residential;12%crops 20%C
48%pasture 80%D
9 83.6 10%residential;18%crops 15%C
72%pasture 85%D
10 83.4 20%residential;5%commercial 50%C
15%crops;60%pasture 50%D
11 88.1 70%residential;10%commercial 15%C
4%crops;16%pasture 85%D
12 88.9 75%residential;10%commercial 100%D
3%crops;12%pasture
13 86.3 45%residential;11%crops 100%D
44%pasture
AdiustedCurveNumbers
TheflowpredictionswiththeNRCSCN methodadaptationwererepeatedfortwosetsof
curvenumbers.ThefirstsetofCN's,whicharetabulatedinTables6.1and6.2,wasdeveloped
usingconventionalproceduresasoutlinedintheprecedingparagraphs.Anotheradjustedsetof
curvenumberswasdevelopedthroughaquasi-calibrationprocedurebasedonreproducinglong-
termmeans.Calibrationisobviouslynotpossibleinestimatingflowsforungagedsubwatersheds.
However,theadjustedcurvenumbersusedinthisstudysimplyprovidedanotherwaytotestflow
distributionmethods.Thepurposeof theadjustedCNs wasto examinetheextentof monthly
deviationsbetweenknownandpredictedflowsgiventhatthelong-termmeansareaboutthe
same.EvenwithadjustedCNs settoreproducelong-term eans,ignificantdeviationsbetween
predictedandknownflowswerefoundtooccurinindividualmonths.
Afterperformingan initialseriesof analyses,morepreciseprecipitationvalueswere
determinedandusedtoupdatemostof theanalyses.However,updatingtheadjustedCNs was
consideredto not bewarranted.Thus,theadjustedCN'sweredeterminedusinga slightly
differentsetofprecipitationvaluesthanshowninthereport.
In theBrazosBasin,giventheCN for thewatershedabovetheCamerongageonthe
LittleRiver(station7) tromTable6.1,theCN's for eachsubwatershedabovestation7 were
determinedsuchthatthemeanof thecomputedflowsequalthemeanof theknownflows.
Likewise,theCN forthewatershedabovestation8ontheNavasotaRiverwasdetermined,given
theCN forstation9. Foreachofthe12stationsintheSanJacintoBasin,adjustedcurvenumbers
weredeterminedthatresultinthe1940-1980meanflowsatthestationbeingpredictedwhenthe
combinedflowsareusedfortheprediction.
The adjustedCN's werecomputedas follows. Giventhe flows at the specified
downstreamlocation,theflowsat thestationwerecomputedusingthemodifiedNRCS CN
methodcomputerprogramdevelopedin conjunctionwiththeproject.TheCN, drainagearea,
andmeanprecipitationforboththeoverallwatershedandthestationsubwatershedwereprovided
asinputto theFortranprogramaswellastheoverallwatershedmonthlyflows. Themonthly
flowsatthestationandtheirmeanwerecomputedbytheprogram.Thecomputedmeanwas
comparedwiththecorrespondingmeanfor theactualknownnaturalizedflowsfor thestation.
Withallotherinputheldconstant,heCN forthestationwasadjustedandthecomputermodel
executedagain.Thisprocesswasrepeatediterativelyuntilthepredictedmeanof theflowsatthe
stationmatchedthemeanoftheknownnaturalizedflowsforthestation.Theoriginalestimates
fortheCN andtheadjustedCN valuesaretabulatedin Tables6.6and6.7. Theresultsof flow
predictionsperformedusingtheNRCS CN methodadaptationwiththetwo alternativesetsof
CN'sarepresentedlaterinthischapter.
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Table6.6 OriginalandAdjustedCurveNumbers(CN)
forStationsintheBrazosBasin
Table6.7 OriginalandAdjustedCurveNumbers(CN)
forStationsintheSanJacintoBasin
Station
Original
CurveNumber
Adjusted
CurveNumber
1
2
3
4
5
6
8
9
10
11
12
13
Combined
66.5
70.8
82.8
64.8
64.7
62.7
84.5
83.6
83.4
88.1
88.9
86.3
73.0
72.9
67.5
69.7
72.1
69.9
73.1
76.5
75.0
76.7
80.1
87.9
84.3
81.2
RelationshipsbetweenWatershedParameters
andFlowReeressionCoefficients
In applyingEquation6-1totransferflowstromgagedtoungagedsites,thecoefficientC
mustbe estimatedtromwatershedparameters.The knownnaturalizedflowsat thegaging
stationsa databaseto examinetherelationshipsforC reflectedinEquations6-2,6-3,6-4,and
6.5. Thissectionsummarizestheresultsof investigatingtherelationshipbetweenC determined
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Original Adjusted
Station CurveNumber CurveNumber
1 81.6 76.1
2 79.2 78.5
3 80.1 82.1
4 78.5 79.4
5 82.8 87.5
6 82.8 84.2
8 83.3 74.7
from estimatesof watershedparameterratiosandtheC determinedfromregressionof known
flows.
In applyingEquations6-1through6-5,theflowatanungagedlocationis assumedtobe
equalto theflowatthegagesitemultipliedbya constantC reflectingthecharacteristicsof the
gagedandungagedwatersheds.Thisrelationhasthesameformasthezero-interceptlinear
regressionequation
y =mx
adoptedin Chapter5 to relateknownflowsatdifferentstations.In thefollowingpresentation,
theslopecoefficientm,determinedin Chapter5 fromtwosetsof concurrentknownflows,is
comparedwiththeequivalentC determinedfromwatershedcharacteristics.Drainagearea,curve
number,andmeanprecipitationarethewatershedparametersincorporatedintoEquations6-2
through6-5toestimatevaluesforC.
Thus,thefollowinganalysesinvestigateherelationship:
Qstationi =C Qstationj
betweenflowsQ;andQjatthelocationsi and},respectively,whereC isestimatedfromtheratios
of parametervaluesfor thewatershedsof locationsi and}.For thestationsin theSanJacinto
Basin,thisrelationshipisalsoexpressedas:
Qstation=CQcombined
whereQcombinedis thetotalflow fromthe2,730mile2combinedwatershedaboveall thestations,
computedby summingtheflowsattheindividualstations.
Determinationof theExponentsN inEquations6-2and6-4
Theslopecoefficientsm fromTables5.11,5.16,and5.18arereproducedinTables6.8-
6.13alongwith thecorrespondingratiosof drainageareaRA curvenumberReNandmean
precipitationRM.TheC determinedfromregressionanalysisofknownflowsisrepresentedbythe
slopecoefficientm. ThefollowingrelationshipsareconsideredforestimatingC fromwatershed
parameters.
wheretheratiosof drainageareaRA,curvenumberReN,andmeanprecipitationRM for two
locationsi andj aredefinedasfollows.
RA = drainageareaforwatershedj ividedbydrainageareaforwatershedi
RcN= curvenumberforwatershedj ividedbycurvenumberforwatershedi
~ = meanprecipitationforwatershedj dividedbymeanprecipitationfor watershedi
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In somecases,valuesfortheN computedforthefollowingrelationshipsarealsopresented.
m = [(RA)(RcN)]N
m = [(RA)(RcN)(RM)t
BasedontheanalysespresentedinTables6.8- 6.10,one(N=1.0)is concludedtobethe
mostappropriatevalueforthedrainagearea(RA)NexponentN. ThevaluesfortheexponentsN2
andN3forthecurvenumberandprecipitationratios(RcNandRM)exhibitgreatvariationbetween
stations.ThedataareinadequateoreachaconclusionregardingthemostappropriateRcNand
RMexponentsN2 andN3. TheN2 andN3 areprobablynotconstantsat all butrathervary
significantly£Tomstationto stationand£Tom onthtomonth.In theflowpredictionspresented
inthelatersectionentitledComparisonofFlowDistributionApproaches,these xponentsareset
atone(N2=N3=1).Theproductsoftheratioswithallexponentssetequaltounityaretabulated
inTables6.11-6.13andadoptedinthepredictionsreportedlaterinthechapter.
ComparisonofFlow RatiosandParameterRatios
ThevalidityofEquations6-1through6-5isexaminedbythecomparisonoftheregression
slopecoefficientmwiththeratiosofparameterstabulatedinTables6.11- 6.13.Theparameter
ratiosprovide stimatesforC inEquations6-1through6-5whichareequivalentto theslopem
determined£Tomthelinearegressionanalysisof knownflowsin Chapter5. Tables6.11- 6.13
providesomemeasureof theextento whichtheestimatesfor C providedby thealternative
combinationsof parameterratiosapproximatehemrepresentingtheknownflows. Thecurve
numbersandmeanprecipitationaresimilarforthedifferentwatershedsa indicatedbytheratios
RcNand~ beingcloseto 1.0. Thus,drainagearearepresentshegreatestdifferencein
watershedcharacteristicsbetweenpairsofstations.Thus,Tables6.11- 6.13maybeviewed£Tom
thefollowingperspectives.
. Comparisonof themandRAprovidesa measureof thevalidityof thedrainagearearatio
approach(Equations6-1and6-2)asamethodforpredictingtheexpectedvalue(mean)ofthe
flowatonelocationgiventheflowatanotherlocation.If thedrainageareamethodworked
perfectly,RAwouldequalm. Ofcourse,thetableshowvariationsbetweenRAandm.
. Thiscomparisonalsoprovidesa measureof thevalidityof Equations6-1 and6-5. The
productsRARcNandRARcN~shouldprovideacloserapproximationfmthanisprovidedby
RAalone.A reviewof Tables6.10-6.20indicatesthatthisis sometimesbutnotalwaysthe
case.
BasedonareviewofTables6.11-6.13,thedrainagearearatiomethodappearstoprovide
aroughapproximationfthemeanflow. TheCN andprecipitationratiosappeartoprovideonly
minimalimprovementoverusingthedrainagearearatioalonetoproportionflows.
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Table6.8 ExponentsforWatershedParameterRatios
for StationsintheBrazosRiverBasin
Regression Ratios
Station Slopem RcN
1vs.7 0.085 0.178 1.024 0.900 1.430 -31.488 7.290
2vs.7 0.418 0.501 0.994 0.997 1.263 28.890 52.748
3vs.7 0.173 0.176 1.005 0.947 1.008 -2.881 0.356
4vs.7 0.213 0.187 0.985 1.073 0.922 -8.589 2.062
5vs.7 0.052 0.035 1.039 1.053 0.883 10.298 6.851
6vs.7 0.137 0.104 1.039 1.047 0.890 7.107 6.126
8vs.9 0.826 0.666 1.000 0.967 0.470 - -6.362
1vs.2 0.218 0.356 1.030 0.903 1.475 -16.430 5.118
2vs.3 0.734 0.939 1.020 0.882 4.887 -12.190 2.126
3vs.4 0.362 0.336 1.000 1.006 0.932 - 11.756
Table6.9 ExponentsforWatershedParameterRatios
for StationVersusCombinedFlowsfor theStationsintheSanJacintoRiverBasin
Regression Ratios ExponentN for
Station Slopem RA RcN (RA)N (RARrn)N(RARrn) RA<RcN)NRARrn(M)NN
1 0.2839 0.2966 0.911 0.984 1.036 0.962 0.950 0.467 -3.055
2 0.1311 0.1536 0.969 0.979 1.085 1.067 1.055 5.10 6.084
3 0.0966 0.1045 1.134 0.986 1.035 1.096 1.181 -0.625 26.793
4 0.1271 0.1191 0.887 1.032 0.970 0.918 0.931 -0.538 5.851
5 0.0380 0.0429 0.886 1.032 1.038 1.000 1.010 1.003 -0.008
6 0.0380 0.0385 0.858 1.021 1.004 0.959 0.965 0.0842 6.856
8 0.0301 0.0267 1.157 1.028 0.966 1.007 1.015 0.835 -0.956
9 0.1068 0.1074 1.145 0.989 1.003 1.067 1.061 -0.0423 12.225
10 0.1355 0.1312 1.143 0.991 0.984 1.053 1.048 0.240 11.003
11 0.0376 0.0311 1.207 1.032 0.945 0.999 1.009 1.017 0.053
12 0.0495 0.0324 1.217 1.032 0.876 0.930 0.939 2.178 7.196
13 0.0325 0.0235 1.181 1.044 0.913 0.956 0.967 1.96 3.701
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Table6.10 ExponentsforWatershedParameterRatios
for Adjacent-SubwatershedFlowsfor theStationsintheSanJacintoRiverBasin
Regression Ratios
Station Slonem RA RcN
4-5 0.287 0.360 0.999 1.000 1.221 365
5-6 0.758 0.897 0.968 0.989 2.560 5.25 12.158
6-1 6.744 7.705 1.061 0.964 0.935 -2.25 5.255
1-2 0.4345 0.518 1.065 0.995 1.267 -2.81 50.892
2-3 0.688 0.680 1.170 1.007 0.970 0.0747 -14.133
3-8 0.249 0.255 1.020 1.042 1.018 -1.20 -1.064
8-11 1.016 1.165 0.982 1.004 0.104 7.61 -26.644
11-10 3.049 4.227 1.004 0.960 0.773 -90.7 8.100
9-10 1.266 1.222 0.998 0.998 1.176 -17.669 -706.034
10-12 0.290 0.247 1.065 1.042 0.885 2.549 -23.955
12-13 0.662 0.724 0.971 1.011 1.277 3.042 -52.811
Table6.11 Comparisonof WatershedParameterRatiosand
Flow RegressionCoefficientsfor StationsintheBrazosRiverBasin
Regression Ratios
Station Slonem RA RcN RARcN RARcN
1vs.7 0.085 0.178 1.024 0.900 0.182 0.164
2vs.7 0.418 0.501 0.994 0.997 0.498 0.496
3vs.7 0.173 0.176 1.005 0.947 0.176 0.167
4vs.7 0.213 0.187 0.985 1.073 0.184 0.198
5vs.7 0.052 0.035 1.039 1.053 0.036 0.038
6vs.7 0.137 0.104 1.039 1.047 0.109 0.113
8vs.9 0.826 0.666 1.000 0.967 0.666 0.643
1vs.2 0.218 0.356 1.030 0.903 0.367 0.331
2vs.3 0.734 0.939 1.020 0.882 0.958 0.845
3vs.4 0.362 0.336 1.000 1.006 0.334 0.338
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Table6.12 Comparisonof WatershedParameterRatiosandFlow RegressionCoefficients
for StationVersusCombinedFlow intheSanJacintoRiverBasin
Regression Ratios
Station Slopem RA RcN 144 RARcN RARrn
1 0.2839 0.2966 0.911 0.984 0.270 0.266
2 0.1311 0.1536 0.969 0.979 0.149 0.146
3 0.0966 0.1045 1.134 0.986 0.119 0.138
4 0.1271 0.1191 0.887 1.032 0.106 0.109
5 0.0380 0.0429 0.886 1.032 0.038 0.039
6 0.0380 0.0385 0.858 1.021 0.033 0.034
8 0.0301 0.0267 1.157 1.028 0.031 0.032
9 0.1068 0.1074 1.145 0.989 0.123 0.122
10 0.1355 0.1312 1.143 0.991 0.150 0.149
11 0.0376 0.0311 1.207 1.032 0.038 0.039
12 0.0495 0.0324 1.217 1.032 0.0278 0.041
13 0.0325 0.0235 1.181 1.044 0.0278 0.029
Table6.13Comparisonof WatershedParameterRatiosandFlow RegressionCoefficients
for FlowsftomAdjacent-SubwatershedsintheSanJacintoRiverBasin
Regression Ratios
Station Slopem RcN 144 RARcN RARrn
4-5 0.287 0.360 0.999 1.000 0.368 0.360
5-6 0.758 0.897 0.968 0.989 0.868 0.859
6-1 6.744 7.705 1.061 0.964 8.175 7.881
1-2 0.4345 0.518 1.064 0.995 0.551 0.549
2-3 0.688 0.680 1.170 1.007 0.780 0.765
3-8 0.249 0.255 1.020 1.042 0.260 0.271
8-11 1.016 1.165 0.982 1.004 1.144 1.149
11-10 3.049 4.227 1.004 0.960 4.244 4.074
9-10 1.266 0.247 0.998 0.998 0.247 0.246
10-12 0.290 0.724 1.065 1.042 0.771 0.803
12-13 0.662 1.222 0.971 1.011 1.187 1.200
SoilandWaterAssessmentTool(SWAT) Analvses
SWATDescription
BackgroundinformationregardingtheSoil andWaterAssessmentTool (SWAT) is
providedinChapter2. SWATcomputessequencesofdailystreamflowstoresultromspecified
precipitationi putby simulatingthehydrologicprocessesthatoccurin thewatershedand
subsurface(Arnoldetal.1996;http://brcsunO.tamu.edu/swatfmdex.html).A detai edailywater
balanceaccountsfor subsurface/surfacewaterinteractionsa wellassurfacerunoff. SWAT is
moresophisticatedwithgreaterinputdatarequirementsthanthepreviousmethods.However,
thelevelof sophisticationandeffortrequiredcanbecontrolledto significantdegreeby the
optionalfeatureselectedby themodeluser. SWAT alsoincludesextensiveoptionalwater
qualitymodelingcapabilitiesthatarenotpertinenttowateravailabilitymodeling.Theseoptions
aresimplynotusedif notneeded.SWAT interactswithGIS databasesthatfacilitatestimation
ofvaluesforthemodelparameters.
A modificationof theNRCS curvenumbermethodis incorporatedin SWAT for
determiningtherunoffvolumetoresultftomagivenprecipitationamount.Thecurvenumberis
allowedtovaryduringasimulationwithchangesinsoilmoisture.Thepercolationcomponentof
themodelusesastorageroutingtechniquetopredictflowthroughspecifiedsoillayersintheroot
zone. Thedownwardflowrateis governedbythehydrauliconductivityof thesoil. Upward
flow mayoccurwhena lowerlayerexceedsfieldcapacity.Lateralflow in eachsoil layeris
modeledwithakinematicstorageroutinethataccountsforvariationsinconductivity,slope,and
soilwatercontent.Severaloptionalmethodsareprovidedfor computingevapotranspiration.
Evaporationtromsoilsandplantsaretreatedseparately.Streamchannellossesaredeterminedas
a functionof channellengthandwidthandflowduration.Thegroundwaterflowcontributionto
streamflowmaybesimulatedbycreatingshallowaquiferstorage.Theaquiferis rechargedby
percolationftomthesoillayersintherootzone.A recessionconstantmaybeusedto lagflow
ftom the aquiferto the stream.Otherflow componentsreflectedin the aquiferstorage
computationsincludevaporation,pumpingwithdrawals,andseepagetoadeepaquifer.
TheweathervariablesdrivingSWAT areprecipitation,airtemperature,solarradiation,
wind speed,andrelativehumidity.If available,dailyprecipitationandmaximum/minimum
temperaturedatacanbeinputdirectlyto SWAT. If not,thesimulatorwithinthemodelcan
synthesizedailyrainfallandtemperature.Solarradiation,windspeed,andrelativehumidityare
alwaysimulatedwithinthemodel.Onesetofweathervariablesmaybesimulatedfortheentire
basin,ordifferentweathermaybesimulatedforeachsubbasin.
EssentiallyalloftheinputdatarequiredforaSWAT simulationis availableftomexisting
databasesaccessedthroughtheSWAT/GRASSInterface(SrinivasanandArnold1994;Srinivasan
etal. 1996).ThesedatabasesincludetheStateSoilGeographic(STATSGO)datadevelopedby
theUSDA, LandUseandLandCover(LULC) datadevelopedbytheUSGS,NationalWeather
Serviceprecipitationandclimaticdata,aswellascurvenumbers,oilparameters,andotherdata
compiledbytheARS andTABS inconjunctionwithdevelopingSWATandtheSWAT/GRASS
Interface. The geographicalinformationsystem(GIS) interfacewas developedusingthe
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GraphicalResourcesAnalysisSupportSystem(GRASS). The SWAT/GRASSInterfacewill
automaticallysubdivideabasin(gridsor subwatersheds)andthenextractmodelinputdataITom
maplayersandtheassociatedrelationaldatabasesforeachsubbasin.Soils,landuse,weather,
management,andtopographicdataarecollectedandwrittentoappropriateinputfiles.
SWAT or othercomputermodelsforsimulatingwatershedhydrologymaybeappliedat
variouslevelsof sophistication.Moreconventionalapproachesinvolveusingtheobservedflows
at thegagesto calibratethemodel,andthenapplyingthemodelto directlyproduceflowsat
ungagedsites.Theobjectiveof theSWAT componentofthepresentinvestigationwastoadapt
themodeltotheproblemofdistributingnaturalizedmonthlyflowsinareasonablysimplemanner
thatstillincorporatesthecapabilitiesprovidedbya watershedsimulationmodel.Thestrategy
outlinedbelowwas developedin conjunctionwith the presentcomparativevaluationof
alternativeapproachesfordistributingflows.
A
Raju(1998)appliedSWAT andtheSWAT/GRASSInterfaceto predictflowsateachof
the12stationsintheSanJacintoRiverBasindescribedinChapter5,giventhecombinedflows.
Duetotheeffortinvolved,thestationsintheBrazosRiverBasinwerenotincludedintheSWAT
study.Essentiallyallweatherandwatershedatarequiredto performtheSWAT hydrologic
simulationwereobtainedITomexistingdatabasesthroughtheSWAT/GRASSInterface.The
resultsoftheanalysesdocumentedindetailbyRaju(1998)arebrieflysummarizedhere.
AsdiscussedinChapter5,thecombinedknown1940-1980monthlynaturalizedflowtrom
the2,730mile2watershedabovethestationsi thesumoftheconcurrentflowsattheindividual
stations. The followingprocedurewas adoptedfor applyingSWAT to distributeknown
naturalizedmonthlyflows ITomthe combined2,730mile2watershedto eachof the 12
subwatersheds.TheflowspredictedwiththeSWAT-basedstrategyareincludedin theoverall
comparisonofflowsdeterminedusingthealternativeflowdistributionmethods.
SWAT performsitscomputationswithadailytimestepandthenaggregatestheresultsto
monthlystreamflows.Dailystreamflowsequencesateachofthe12stationsfortheperiod1960-
1980weresimulatedwithSWAT for inputsequencesof 1960-1980dailyprecipitationfor the
ConroeandHoustonprecipitationgages.Thesearetheonlyprecipitationgagesinthedatabase
locatedin theSanJacintoBasinthatcovertheentireperiod1960-1980.Thedatabasehasno
precipitationdatapriorto1960.
Therequiredweatherdataandwatershedparametersrequiredfor inputto SWAT were
acquiredthroughtheSWAT/GRASSInterface.DevelopingGIS delineationsof thewatersheds
abovethe12stationsrepresenteda majorportionof theeffortin applyingSWAT. Withthe
watershedandstreamnetworkdelineationfilesprovidedasinput,theSWAT inputdataforeach
subbasinwasobtainedITomexistingdatabasesthroughtheautomatedSWAT/GRASSInterface.
AlthoughthesubbasindelineationsmaybeperformedwithinGRASS,Raju(1998)actuallyused
ArcNiew-basedsoftware.ArcViewanditsSpatialAnalystextensionwereusedtodelineatethe
watershedsandstreamnetworksITomdigitalelevationmodels.Thisinformationwasinputothe
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SWAT/GRASSInterfaceforuseastemplatesindevelopingtheSWATsimulationi putfilesfrom
thedatabases.TheSWATsimulationwasthenperformedwiththeseinputfiles.
TheoverallSWAT-basedstrategyfordistributingflowsconsistsofthefollowingsteps:
1. SWAT wasappliedtopredict1960-1980dailyflowsateachof the12stationsforinput
sequencesof 1960-1980dailyprecipitationat theHoustonandConroeprecipitation
gages.Dailyflowsareaggregatedwithinthemodeltoobtainmonthlyflows.
2. The1960-1980SWAT-predictedmonthlyflowsattheindividualstationsweresummedto
obtaincombinedflowsfromthe2,730mile2watershedabovethestations.Standardleast-
squareslinearegressiontechniqueswereappliedtotheSWAT-predictedflowstoobtain
asetofequationsrelatingflowsateachstationtothecombinedflows.
3. Theregressionequationsnotedabovewerecombinedwiththeknowncombinedflowsto
develop1940-1980sequencesofnaturalizedmonthlyflowsateachofthe12stations.
ResultsoftheSWATApplication
TheresultsoftheSWAT simulationaresummarizedinFiguresAI-A36 of AppendixA,
Tables6.14and6.15,andothertablespresentedin thenextsectioncomparingthealternative
methods.AppendixA consistsof threesetsof regression/correlationpl tsfor the12stations
correspondingtothesteps1,2,and3listedabove.Eachofthe36scatterplots(threesetsof 12
stations)comparestwosetsof monthlynaturalizedflows. Thelinearregressionequationand
coefficientofdetermination';areshownalongwiththegraphs.The36valuesforthecoefficient
ofdetermination';arealsotabulatedasTable6.14.
Asdiscussedabove,theSWATsimulationresultedin 1960-1980monthlyflowsateachof
the12stations.TheSWAT predictedflowsarecomparedwiththeknownflowsinFiguresAl
throughA12 of AppendixA Considerablescatteris apparentin theplots. Thevaluesof ~
showninthesecondcolumnofTable6.14rangefrom0.38atstation5to0.75atstation12. In
general,thecorrelationisweakbetweenthemonthlyflowscomputedbytheuncalibratedSWAT
modelarethecorrespondingknownflows.
The1960-1980SWAT-predictedmonthlyflowsattheindividualstationsweresummedto
obtaincombinedflowsfromthe2,730mile2watershedabovethestations.Linearregression
equationsweredevelopedrelatingtheSWAT-predictedflowsateachstationto thecombined
flowscomputedby summingtheSWAT-predictedflowsattheindividualstations.Graphsof
SWAT-predictedflowsattheindividualstationsversusthecombinedSWAT-predictedflowsare
presentedasFiguresA13-A24. The~valuesaretabulatedinthethirdcolumnofTable6.14.
Theregressionequationswereappliedto theknowncombinedflowsto develop1940-
1980sequencesofnaturalizedmonthlyflowsateachofthe12stations.Theflowspredictedfrom
theSWAT-basedregressionequationsarecomparedtotheknownflowsinFiguresA25 through
A36. The~valuesforpredictedversusknownflowsaretabulatedinthefourthcolumnofTable
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6.14. Althoughthereis significantvariationbetweenstations,in general,the1940-1980flows
predictedwiththeregressionequationscorrelatemorecloselyto the1940-1980knownflows
thanthedirectly-computedSWAT 1960-1980flowsversus1960-1980knownflows.
Table6.14CoefficientofDeterminationrValuesfortheSWATPredictions
Station
SWAT Predicted
versusKnown
Flows
r
SWAT Predicted
Stationversus
CombinedFlows
r2
Regressionversus
Known
Flows
r
1
2
3
4
5
6
7
9
10
11
12
13
0.702
0.577
0.613
0.579
0.380
0.619
0.642
0.385
0.458
0.746
0.752
0.706
0.941
0.938
0.912
0.854
0.779
0.909
0.503
0.827
0.815
0.499
0.551
0.562
0.886
0.897
0.883
0.861
0.746
0.836
0.628
0.687
0.692
0.680
0.538
0.495
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Table6.15 Comparisonof SWAT PredictedMeanFlows
1960-80Means
of
Station KnownFlows KnownFlows
(ac-ft/month
1 30,850 31,050 34,200 48,000 33,700
2 13,240 13,380 17,700 20,900 14,800
3 10,090 10,560 12,100 16,200 11,800
4 13,610 13,220 13,700 15,200 10,500
5 4,600 4,490 4,940 4,800 3,390
6 4,630 4,740 4,430 6,590 4,640
7 3,620 3,980 3,060 4,820 3,780
9 13,590 14,370 12,300 22,200 16,240
10 18,010 19,800 15,100 28,800 21,200
11 5,000 5,490 3,570 8,200 6,400
12 7,350 9,050 3,730 3,140 2,320
13 4,550 5,370 2,710 4,350 3,200
Themeansofthe1960-1980flowscomputeddirectlywiththeuncalibratedSWAT model,
in step1,andthemeansofthe1940-1980flowscomputedwiththeregressionequationsapplied
to knowncombinedflows,in steps2 and3, aretabulatedin Table6.15. Thecorresponding
meansoftheknownflowsandtheflowsdeterminedusingdrainagearearatiosareincludedinthe
tableforcomparison.Forthemajorityofthestations,ofthethreesetsofcomputedflows:
· themeansof theflowscomputedbytheregressionequationscorrelatemostcloselywith
theknownflows
· thedrainagearearatioapproachranks econdinmostcloselyreproducingknownmeans
· thedirectuncalibratedSWATresultsareleastaccurate
ComoarisonofFlowDistributionAooroaches
Thissectionpresentsa comparativeevaluationof theresultsof applyingthealternative
methodsoutlinedearlierinthischaptertocomputeflowsatspecifiedstationsfromflowsatother
stations.Thefollowingflowdistributionmethodsareapplied.
1. drainagearearatio(Equations6-1and6-3)
[referredtoasAreaRatiointableheadings]
2. combinedrainagearea,CN,andmeanprecipitationratios(Equations6-1and6-5)
[referredtoasA-CN-Mintableheadings]
3. modifiedNRCS curvenumber(CN)method(Equations6-6and6-7)
[referredtoasNRCSCNintableheadings]
4. regressionequationsfromSoilandWaterAssessmentTool(SWAT)simulationresults
[referredtoasSWATRegressioni tableheadings]
All of themethods,includingSWAT,areappliedto allof thestationsintheSanJacinto
RiverBasin.All ofthemethods,exceptSWAT,areappliedtothestationsintheLittleRiverand
NavasotaRiverwatershedsof theBrazosRiverBasin. Onlythedrainagearearatiomethodis
appliedto thestationson theBrazosRiver,becausethelargesizeandcomplexityof these
watershedsmadeestimationofotherwatershedparametersdifficult.Thedrainagearearatioand
theNRCS curvenumbermethodsareappliedforthestationsintheSulphurRiverBasin.
Watershedparametersu edinthefirstthreemethodslistedabovearetabulatedinTables
6.1,6.2,and6.3. FlowsarepredictedusingtheNRCS CN methodadaptationwiththetwo
alternatives tsof curvenumberspresentedinTables6.6and6.7. Theoriginalsetof CN's was
developedfollowingconventionalprocedureswiththeinformationsummarizedinTables6.4and
6.5. Aspreviouslydiscussed,ThesetofadjustedCN'swasdevelopedbyiterativelychangingthe
CN foreachstationuntilthemeanofthepredictedflowsmatchedthemeanoftheknownflows.
Stationsarepairedasfollowsforpurposesoftheseanalyses.
· LittleRiverWatershed.Stations1-6arepairedwithstation7 suchthatflowsateachstation
arecomputedgiventhecorrespondingflowsatthestation7. Stationsonthesametributaries
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arealsopairedsuchthatflowsatupstreamstationarecomputedgiventhecorresponding
flowsatthestationlocated ownstream.All of thealternativemethodsexceptSWAT are
usedtotransposeflows.
. NavasotaRiverWatershed.Flowsatstation8 arecomputedffomtheflowsatstation9. All
ofthealternativemethodsexceptSWATareapplied.
. Main-stemBrazosRiverStations.Stations10through15arepairedsuchthatflowsateach
stationare computedgiventhecorrespondingflowsat thestationlocatedimmediately
downstream.Onlythedrainagearearatiomethodisused.
. SanJacintoRiverBasin.Thecombinedflowffomthetotalwatershedaboveallthestations
is distributedto eachof the12individualstations.All of thealternativemethodsincluding
SWAT areused. Stations9 and10onBuffaloBayouaretheonlystationson thesame
tributary;station9flowsarepredictedfromstation10flows.Fortheotherstations,giventhe
subwatershedflow at onestation,theflow at thestationof anadjacentsubwatershedis
predicted.All ofthealternativemethodsexceptSWATareusedtotransferflows.
. SulphurRiverBasin. Thecurvenumberanddrainagearearatiomethodsareused. For
stationsA, B, andD, flowsaretransferredffomadownstreamgage.Flowsat stationBare
computedffomflowsattheadjacents ationA.
Theflowscomputedateachstationusingthealternativemethodsarecomparedwitheach
otherandwiththeknownflowsatthestation.Theknownandcomputedsetsof monthlyflows
aresummarizedbytheirmeans,standarddeviations,andflow-ffequencytables.Therelationships
betweenknownflowsat a stationandthosecomputedby thealternativemethodsarealso
comparedby thestandarderrorof estimate,sumof thedeviations,andsumof thepercent
deviations.
Thecomputationsa sociatedwiththeparameterratioapproachesandNRCS CN method
adaptationwereperformedwiththeCurNum,Ratio,andRECORDSFortranprogramsdeveloped
inconjunctionwiththeinvestigationa ddescribedbelow.TheothertwoFortranprogramsnoted
belowweredevelopedto summarizetheflowsresultingffomanyof thealternativemethods.
MicrosoftExcelwasusedinvariousexercisestoanalyzeandpresentresults.
. ProgramCurNumusestheNRCS CN methodadaptationto computetheflowsfor one
locationffomknownflowsatanotherlocationprovidedasinput.Thewatershedareas,curve
numbers,andmeanprecipitationforbothwatershedsareprovidedasinput.
. ProgramRatiosimplymultipliestheinputsetofflowsbyaratioalsoprovidedasinput.
. ProgramRECORDSdevelopedlaterinconjunctionwiththeWRAPmodelincorporatesboth
thecurvenumbermethodandtheDAR methodintooneprogramandessentiallyreplaced
programsCurNumandRatiousedearlierinthestudy.RECORDShassincebeensuperceded
bytheWRAP-HYDprogramdevelopedfortheWRAPmodel.
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. ProgramComparereadssetsof flowsfor two stationsas inputanddevelopstatistics
comparingthem,includingmonthlyandannualmeansandstandardeviationsfor both
stations,meandeviationsbetweentheflowsets,sumof squaredeviations,meanpercent
deviations,andstandarderroroftheestimate.
. ProgramFrequencydevelopsaflow-frequencytableforaninputsetofflows.
ComparativeSummaryofResults
Summarystatisticsof theperiod-of-analysismonthlynaturalizedflowspredictedbyeach
of thealternativeflow distributionapproachesalongwithvaluesfor theknownflowsare
presentedin Tables6.17through6.31andAppendixB TablesB.l throughB.33. Themeans,
standardeviations,tandarderrors,meandeviations,andmeanpercentdeviations,presentedin
Tables6.17-6.31werecomputedasfollows:
standard eviation= 'L(Q;_Q)2
V N-l
standarderror= L (Qcomputed- Qknown)2N-2
meandeviation=L I(Qcomputed - Qknown )1
N
L
I
(Qcomputed- Qknown) I*100%
A . . Qknown
meanpercentueVlatlOn= N
ThecolumnsinTables6.17-6.31areexplainedasfollows.
GivenFlows- Theknownflowsthatarebeingdistributedtootherlocationsconsistofeither:(1)
theknownflowsatthestationcitedinthefirstcolumnthatareusedtopredictflowsatthe
stationcitedinthesecondcolumnor (2)thecombinedflowsfromtheentire2,730mile2
watershedthatarebeingdistributedto eachof the12subwatershedsin theSanJacinto
Basin.
ComputedFlowsatStation- Thestationatwhichflowsarepredictedusingthealternativeflow
distributionapproaches.
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KnownFlows- Statistic(mean,standardeviation,standarderror,meandeviation,or mean
percentdeviation)of theknownnaturalizedmonthlyflowsat thestationcitedin the
secondcolumn.
AreaRatio- Statisticofthepredictedflowsatthestationcitedinthesecondcolumncomputed
byapplyingadrainagearearatiototheflowscitedinthefirstcolumn.
A-CN-MRatio- Statisticof thepredictedflowsatthestationcitedin thesecondcolumn
computedbyapplyingtheproductofdrainagearea,curvenumber,andmeanprecipitation
ratiostotheflowscitedinthefirstcolumn.
NRCS CN Original- Statisticof thepredictedflowsatthestationcitedin thesecondcolumn
computedby applyingthemodifiedNRCS CN methodto theflowscitedin thefirst
column,usingtheoriginalestimatesofCN's notedinTables6.5and6.6.
NRCS CN Adjusted- Statisticof thepredictedflowsatthestationcitedin thesecondcolumn
computedby applyingthemodifiedNRCS CN methodto theflowscitedin thefirst
column,usingtheadjustedestimatesofCN'snotedinTables6.5and6.6.
SWATRegression- Statisticof thepredictedflowsatthestationcitedin thesecondcolumn
computedbyapplyingtheregressionequationsdevelopedtromSWAT simulationresults
totheflowscitedinthefirstcolumn.
Flowversusexceedancefr quency(alsocalledflow-duration)relationshipsareprovided
asTablesB.1- B.37ofAppendixB. Flowsassociatedwithspecifiedexceedancefr quenciesare
alsocitedinTables6.16,6.32,and6.33.Theseareknownor computedmonthlyflowvolumes
thatareequaledor exceededa specifiedpercentageof thetotalnumberof monthsduringthe
period-of-analysis.For example,TableB.1 indicatesthata flow of 547acre-feet/monthis
equaledor exceededduring80percentof the444monthsofthe1940-1976sequenceofknown
naturalizedflowsatStation1ontheLeonRiverintheBrazosBasin.
ObservationsandConclusions
Stations10through15onthemain-streamBrazosRiveraresignificantlydifferenttrom
theothersdueto theirextremelylargecomplicatedwatersheds.Thefollowingdiscussionis
organizedsuchthatthe analysesof the flows at stations10-15,representingvery large
watersheds,areaddressedfirst. Thentheresultsof flowpredictionsatall theotherstations,
whichrepresentmoremoderatelysizedwatersheds,arediscussed.
FlowsattheMainStreamBrazosRiverStations
As discussedinChapter5,the45,000mile2BrazosRiverBasinabovetheRichmondgage
(station15)variesdramaticallyfromtheupperthroughthemiddleandlowerportionsof basin.
Meanannualprecipitationvariestromabout16inchesto 50inches.Accordingto theUSGS,
about9,750mile2oftheextremeupperbasincontributeessentiallynorunoffto theriver.Much
111
- -
1
moreof thebasinareainthearidhighplainsabovePossumKingdomReservoir(station10)has
runoffcharacteristicsrepresentedbya curvenumberofnearzero. Interactionsbetweenground
waterandsurfacewaterarealsocomplexintheupperbasinabovePossumKingdomReservoir.
Dueto thesizeandcomplexityof thebasin,thedrainageareamethodwastheonly
approachappliedintheanalysisof flowsatstations10through15ontheBrazosRiver.Results
aresummarizedinTable6.16.Flowsatstations10,11,12,13,and14arepredictedbyapplying
thedrainagearearatiosshownin thefourthcolumnof Table6.16to the1940-1976monthly
naturalizedflowsatstation15. Alternatively,flowsateachstationarepredictedbyapplyingthe
appropriatedrainagearearatiotoflowsattheadjacentstationlocatedimmediatelydownstream.
Themeansofthecomputedflows,expressedasapercentageofthemeanoftheknownflows,are
tabulatedin thefifthcolumn.Thevaluesof thepredictedflowthatareequaledor exceeded
during90%and50%ofthe444monthsofthe1940-1976period-of-analysisaretabulatedinthe
lasttwocolumns,expressedasapercentageofthecorrespondingknownflows.
Applyingdrainagearearatiosto thedownstreamstation15totalflowsresultsin high
predictionsofflowsattheupstreamstations.Thisistobeexpectedsincetheextremeupperbasin
contributeslittlerunoffperunitofarearelativetothemiddleandlowerbasin.Theaccuracyof
theflowpredictionincreaseswithincreasesin thedrainagearearatio. Applicationof drainage
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Table6.16FlowsatBrazosRiverStationsComputedwithDrainageAreaRatioMethod
ExpressedasaPercentageofKnownFlows
Drainage PredictedFlowsasa
Stations DrainageArea Area PercentageofKnownFlows
Ratio Mean 90% 50%,
10- 15 23,810 45,010 0.529 393% 2,120% 600%
11- 15 27,240 45,010 0.605 221% 353% 252%
12- 15 29,570 45,010 0.657 217% 279% 212%
13- 15 39,520 45,010 0.878 140% 173% 143%
14- 15 43,880 45,010 0.975 116% 120% 109%
10- 11 23,810 27,240 0.874 178% 602% 238%
11- 12 27,240 29,570 0.921 101% 126% 119%
12- 13 29,570 39,520 0.748 155% 161% 148%
13- 14 39,520 43,880 0.901 120% 144% 131%
11- 10&12 3,430 5,760 0.596 85% 88% 92%
12- 11&13 2,330 12,280 0.190 113%
13- 12&14 9,950 14,310 0.695 107% 126% 116%
14- 13&15 4,360 5,490 0.794 111% 110% 103%
arearatiosto station15flowsresultsin themeansof thepredictedflowsrangingftom393
percentofthemeanoftheknownflowsatstation10to116percentoftheknownflowsatstation
14. Of course,applyingdrainagearearatiostotheflowsatthenextstationlocatedimmediately
downstreamprovidesbetterpredictions,withthemeansofthepredictedflowsrangingform101
percento 178percentof thecorrespondingmeansof knownflows. For example,predicting
flowsat station13by multiplyingtheflowsat station14bya arearatioof 0.901resultsin
predictedflowswithameanof 120percentofthemeanoftheknownflowsatstation14.
Thepredictionsof lowflowsarelessaccuratethanthemeans.Theestimatesof flows
equaledor exceeded50%ofthetimearelessaccuratethanthemeans.Likewise,asindicatedby
thelasttwo columnsof Table6.16,thepredicted90%flowsdeviateftomthecorresponding
knownflowsmorethe50%flows.
Betterflowpredictionsareobtainedbyapplyingincrementalrearatiosto incremental
flowsasindicatedbythelastfourrowsofTable6.16.
TheflowsQll atstation11areestimatedftomtheflowsQlOandQl2atstations10and12and
drainageareasAlO,All, andAl2atstations10,11,and12asfollows:
Incrementalflowsftomthewatershedbetweenstations10and11obtainedbyapplyingadrainage
arearatioareaddedtotheflowsatstation10toobtaintheflowsatstation11. Themeanofthe
resultingpredictedflowsatstation11is 85%ofthemeanoftheknownflowsatstation11. As
indicatedbyTable6.16,themeansof flowspredictedinthismannerfor stations11-14range
from85%to 113%ofthecorrespondingmeansoftheknownflows.
Flows at theStationson TributaryStreams
Thepreviouslydescribedalternativeflowdistributionmethodswereappliedto flowsat
stations1-7ontributariesintheLittleRiverwatershed,stations8 and9 ontheNavasotaRiver,
the12stationsintheSanJacintoRiverBasin,andthefivestationsin theSulphurRiverBasin.
Thewatershedsofthese26stationsrangeinsizeftom64.0mile2forstation13onSimsBayouin
Houstonto7,065mile2forstation7 ontheLittleRiver.Ingeneral,thesubwatershedstationsfor
whichflowsarepredictedarefairlysmallrelativetothewatershedstationsftomwhichtheflows
aredistributed.As indicatedinTables6.32and6.33,drainagearearatiosforthepairsof stations
on tributariesof theBrazosRivervaryftom0.178to 0.939,withthreedrainagearearatios
exceeding0.5. Subwatershedto totalcombinedwatershedarearatiosfor the12stationsinthe
SanJacintoBasinrangeftom0.023to 0.297. Comparisonsarealsomadebetweenadjacent
subwatershedswhereneitherisasubwatershedoftheother.
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Theresultsofapplyingalternativemethodstopredictflowsatthesestationsarepresented
assummarystatisticsinTables6.17- 6.31andasflow-frequencytablesin AppendixB. Tables
6.32and6.33provideamoreconcisecomparativesummaryof theinformationpresentedinthe
othertables.Tables6.32and6.33includemeanflowsandtheflowsequaledor exceeded95%,
80%,and50%of themonthsof theperiod-of-analysis.Thesestatisticsof theflowspredicted
withthealternativemethodsareexpressedaspercentagesof thecorrespondingvaluesfor the
knownflows.
In general,predictionsfor individualmonthstendtobeinaccuratewithanyof theflow
distributionmethods.The analysesof Chapter5 demonstratea considerablescatterin the
relationshipbetweenconcurrentflowsatdifferentstations,thusimplyingthatnomethodwould
beveryaccurateinregardtopredictingflowsin individualmonths.Predictedflowsarefoundin
theChapter6 analysesto deviategreatlyfromtheknownflowsasexpected.Deviationsare
summarizedin bythestatisticstabulatedin Tables6.20through6.31. Of course,at a given
station,thepredictionsareclosertoknownflowsin somemonthsthanin others.Theaverage
deviationbetweenpredictedandknownflows,expressedasapercentageof theknownflows,are
tabulatedinTables6.26,6.27,and6.28.
Themeansandflow-frequencyrelationshipsalsodepartsignificantlyfromthoseof the
knownflows.However,meansarereproducedmuchmoreaccuratelythantheflowsinindividual
months.MeansarecomparedinTables6.17,6.18,6.19,and6.33.Predictedandknownmeans
arefairlycloseforthosepairsof stationsforwhichthesubwatershedcomprisedamajorportion
of thewatershed.Meanscomparel ssfavorablyforthosestationswherethesubwatershedarea
forthestationforwhichflowsarecomputedis smallrelativetothewatershedareaofthegiven-
flowsstation.
Thepredictedmeansarealsomoreaccuratethanthelowflows.Completeflow-frequency
tablesareprovidedinAppendixB. Meansand95%,80%,and50%exceedancefrequencyflows
areexpressedasapercentageofthecorrespondingvaluesoftheknownflowsinTables6.32and
6.33.Valuesof 100%wouldindicateaperfectagreementbetweentheknownversuscomputed
flowsatastation.ThevaluesinTables6.32and6.33varygreatlyfromtheperfect100percent.
Themeansarereproducedmorecloselythanthe50%exceedancefr quencyflowswhich,inturn,
arereproducedbetterthanthe80%frequencyflows.The95%exceedancefrequencyflowsvary
fromtheknownflowsmorethanthe80%exceedancefr quencyflows.
Therelativeperformanceof thealternativeflowdistributionmethodsvarysignificantly
betweenstations.Eachmethodreproducesthemeanandflow-frequencyrelationshipof the
knownflowsatsomestationsmorecloselythantheotheralternativemethodsbutperformsworst
atotherstations.Thescatteroftheresultspreventsaclearconclusioni regardtowhichmethod
performedbestoverallfortheselectedstationsinvestigated.
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Table6.17 MeansforAlternativeFlow DistributionApproaches
for theBrazosBasin
Computed Mean (ac-ft/mon)
Given Flowsat Known Area A-CN-M
Flows Station Flows Ratio Ratio
7 1 9568 19708 18158 18174 9564
7 2 43194 55471 54918 52965 43329
7 3 17657 19487 18490 17712 17480
7 4 20309 20379 21920 22264 21810
7 5 7548 5695 4004 5384 5829
7 6 15729 13375 12552 16129 15672
9 8 26623 21704 26623 20845 12978
2 1 9568 15377 14297 14871 9576
4 3 17993 20443 18396 17401 17547
6 5 7548 5244 5275 5314 4599
Table6.18 MeansforAlternativeFlow DistributionApproaches
for theSanJacintoBasin
Computed Mean
Given Flowsat Known Area A-CN-M
Flows Station Flows Ratio Ratio
Combined 1 30848 34199 30681 23425 30795 33710
Combined 2 13237 17733 16840 15171 13209 14841
Combined 3 10089 12090 15917 18643 13648 11843
Combined 4 13613 13702 12572 9532 10108 10505
Combined 5 4598 4940 4522 3412 4601 3386
Combined 6 4633 4433 3887 2660 4632 4636
Combined 8 3623 3063 3656 5471 3620 3778
Combined 9 13590 12321 14072 19939 13576 16238
Combined 10 18008 15084 17186 24236 17996 21166
Combined 11 4995 3570 4464 7475 4986 6398
Combined 12 7345 3731 4695 8194 7342 2322
Combined 13 4545 2706 3345 5306 4545 3201
4 5 4598 4901 4901 4877 4612
5 6 4633 4125 3950 3602 4649
6 1 30848 35699 36510 4633 30755
1 2 13237 15979 16936 19393 13128
2 3 10089 9107 10126 12824 10092
3 8 3623 2270 2734 3002 3551
8 11 4995 4221 4167 3623 4732
11 10 18008 21113 20329 4988 18219
10 9 13590 14730 4430 14822 13622
10 12 7345 13038 14460 6223 7254
12 13 4545 8976 8814 4778 4615
Table6.19MeansforAlternativeFlowDistributionApproaches
fortheSulphurBasin
Given
Flows
Computed
Flowsat
Station
Known
Flows
Mean(ac-ft/mon)
Area A-CN-M
Ratio Ratio
c
C
E
A
A
B
D
B
27099
16292
43084
14762
33758
19680
35916
14551
26761
19918
37917
18522
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Table6.20 StandardDeviationsforAlternativeFlow DistributionApproaches
for theBrazosBasin
Computed StandardDeviation(acre-feet/month)
Given Flowsat Known Area A-CN-M NRCS CN
Flows Station Flows Ratio Ratio Original
7 1 11053 14783 13620 13485 9379
7 2 41482 41609 41193 40615 35616
7 3 16897 14617 13870 13545 12928
7 4 29292 25320 22040 22424 21698
7 5 7141 6054 3201 3709 3592
7 6 17311 15747 9608 10415 10359
9 8 20074 16383 10763 10589 11923
2 1 11053 14768 13731 13761 11159
4 3 27497 23544 21187 20511 20053
6 5 7141 3941 3964 3983 4239
Table6.22StandardDeviationsforAlternativeFlowDistributionApproaches
fortheSulphurBasin
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Table6.21 StandardDeviationsforAlternativeFlow DistributionApproaches
for theSanJacintoBasin
Computed StandardDeviation
Given Flows at Known Area A-CN-M
Flows Station Flows Ratio Ratio
Combined 1 25745 24698 21541 20277 22964 26199
Combined 2 12334 12806 11823 11526 11272 11032
Combined 3 9138 8732 11176 9897 8067 7956
Combined 4 12449 9896 8827 8415 10005 8953
Combined 5 3842 3568 3175 3022 3550 2568
Combined 6 3581 3202 2729 2531 3298 3590
Combined 8 3285 2212 2567 2719 2365 1903
Combined 9 10057 8898 9880 10328 9264 10957
Combined 10 11472 10894 12066 12617 11689 13959
Combined 11 3688 2578 3134 3335 2936 3300
Combined 12 4531 2694 3296 3556 3436 1488
Combined 13 3367 1954 2350 2490 2369 2095
4 5 3842 4482 4482 4473 4446
5 6 3581 3446 3300 3261 3536
6 1 25745 27593 28219 3581 25045
1 2 12334 13336 14134 14419 13457
2 3 9139 8486 9435 10904 8798
3 8 3285 2056 2477 2535 2666
8 11 3688 3827 3778 3285 4290
11 10 11472 15589 15010 3692 14681
10 9 10057 9389 2822 9400 9041
10 12 4531 8306 9212 3347 3481
12 13 3367 5537 5437 3153 3113
Computed StandardDeviation(acre-feet/month)
Given Flowsat Known Area A-CN-M NRCS CN
Flows Station Flows Ratio Ratio Original
C A 19931 23337 - 20551
C B 11487 12353 - 12403
E D 43501 32726 - 33788
A B 8933 8339 - 9868
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Table6.23 StandardError for AlternativeFlow DistributionApproaches
for theBrazosBasin
Computed StandardError (acre-feet/month)
Given Flows at Known Area A-CN-M NRCS CN
Flows Station Flows Ratio Ratio Ori inal
7 1 -0- 24290 22248 22102 16407
7 2 -0- 31544 31039 29849 26237
7 3 -0- 10811 10930 10992 11335
7 4 -0- 43492 41327 41640 15963
7 5 -0- 8726 9227 9041 3619
7 6 -0- 27421 25704 10112 10229
9 8 -0- 55077 17140 17729 24439
2 1 -0- 17736 16333 16568 13565
4 3 -0- 42643 40304 39630 9635
6 5 -0- 760 9760 9764 8599
Table6.24 StandardError forAlternativeFlow DistributionApproaches
for theSanJacintoBasin
Computed StandardError (acre-feet/month
Given Flows at Known Area A-CN-M NRCS CN
Flows Station Flows Ratio Ratio Ori inal
combined 1 -0- 16351 16481 19209 16204 16513
combined 2 -0- 8744 8324 7603 7149 7495
combined 3 -0- 6004 10347 11561 5683 5949
combined 4 -0- 8338 9313 10470 8279 9407
combined 5 -0- 3399 3772 3902 3349 3596
combined 6 -0- 2486 2798 3460 2507 2646
combined 8 -0 3486 3612 4122 3405 3549
combined 9 -0- 10424 11002 13000 10401 11592
combined 10 -0- 12896 13435 15121 12702 14484
combined 11 -0- 3870 3852 4647 3526 2905
combined 12 -0- 6957 6556 5966 5656 8435
combined 13 -0- 4802 4673 4533 4304 4582
4 5 -0- 3487 3489 3477 3418
5 6 -0- 3172 3172 3297 3132
6 1 -0- 21048 21848 49327 20484
1 2 -0- 10391 11305 12954 9427
2 3 -0- 5697 5586 8220 5626
3 8 -0- 3986 3831 3771 3740
8 11 -0- 2203 2204 2444 2245
11 10 -0- 14164 13518 21721 13036
10 9 -0- 3086 15809 3127 2873
10 12 -0- 12528 14589 5515 5381
12 13 -0- 6683 6448 1973 6683
Table6.25StandardErrorforAlternativeFlowDistributionApproaches
fortheSulphurBasin
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Computed StandardError(ac-ft/mon)
Given Flowsat Known Area A-CN-M NRCS CN
Flows Station Flows Ratio Ratio Original
C A 0 18347 - 14273
C B 0 13239 - 13366
D E 0 32711 - 31936
A B 0 11047 - 12892
Table6.26 MeanDeviationfor AlternativeFlow DistributionApproaches
for theBrazosBasin
Computed MeanDeviation(ac-ft/mon)
Given Flowsat Known Area A-CN-M NRCS CN
Flows Station Flows Ratio Ratio Original
7 1 -0- 13589 12444 12447 7762
7 2 -0- 17467 17165 16114 13401
7 3 -0- 6037 5978 5893 5976
7 4 -0- 24742 24677 24909 8262
7 5 -0- 6010 5930 6068 2234
7 6 -0- 18405 17006 5386 6057
9 8 -0- 30794 8286 8617 13125
2 1 -0- 8945 8305 8639 6353
4 3 -0- 23683 22227 21626 4784
6 5 -0- 558 6666 6670 5447
Table6.28MeanDeviationforAlternativeFlowDistributionApproaches
fortheSulphurBasin
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Table6.27 MeanDeviationforAlternativeFlow DistributionApproaches
for theSanJacintoBasin
Computed-----
Given Flowsat Known Area
Flows Station Flows Ratio
combined 1 -0- 9861 9572 11051 9326 9580
combined 2 -0- 5778 5357 4404 3797 4384
combined 3 -0- 3977 6585 9088 3259 4098
combined 4 -0- 4819 5044 5727 4791 5324
combined 5 -0- 1852 1823 2012 1831 1865
combined 6 -0- 1430 1572 2253 1433 1594
combined 8 -0 1753 1860 2861 1847 2143
combined 9 -0- 6066 6392 8963 6158 6933
combined 10 -0- 7672 7814 9951 7633 8581
combined 11 -0- 2273 2146 3343 2116 2709
combined 12 -0- 4215 3878 3742 3468 5159
combined 13 -0- 2490 2370 2680 2353 2317
4 5 -0- 1680 1680 1677 1697
5 6 -0- 1294 1347 1558 1253
6 1 -0- 12956 13275 26231 11310
1 2 -0- 5568 6090 7688 4859
2 3 -0- 2877 3083 4491 3010
3 8 -0- 1941 1865 1821 1848
8 11 -0- 1346 1363 1652 1147
11 10 -0- 8170 7759 13068 7319
10 9 -0- 1847 9166 1893 1539
10 12 -0- 6917 8095 3087 3130
12 13 -0- 4506 4350 1088 1040
Computed MeanDeviation(ac-ft/mon)
Given Flowsat Known Area A-CN-M NRCSCN NRCSCN
Flows Station Flows Ratio Ratio Original Adjusted
C A 0 9603 - 7746
C B 0 7023 - 7119
D E 0 17206 - 17136
A B 0 6019 - 7245
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Table6.29 MeanPercentDeviationsforAlternativeFlow DistributionApproaches
for theBrazosBasin
Computed MeanPercentDeviation(%)
Given Flowsat Known Area A-CN-M NRCSCN
Flows Station Flows Ratio Ratio Original
7 1 -0- 1337 1227 1266 238
7 2 -0- 735 727 543 148
7 3 -0- 90 81 74 80
7 4 -0- 352 965 980 67
7 5 -0- 355 125 167 133
7 6 -0- 360 602 116 105
9 8 -0- 2394 209 195 75
2 1 -0- 643 594 706 179
4 3 -0- 1465 1315 1243 43
6 5 -0- 12 183 184 372
Table6.30 MeanPercentDeviationsforAlternativeFlow DistributionApproaches
for theSanJacintoBasin
Computed MeanPercentDeviation(%
Given Flows at Known Area A-CN-M NRCS CN
Flows Station Flows Ratio Ratio Ori inal
Combined 1 -0- 152 134 82 123 120
Combined 2 -0- 142 135 95 64 95
Combined 3 -0- 311 462 1165 157 522
Combined 4 -0- 90 84 66 88 76
Combined 5 -0- 58 55 59 55 53
Combined 6 -0- 46 46 67 46 56
Combined 8 -0 248 320 1024 391 977
Combined 9 -O- BI 170 448 167 242
Combined 10 -0- 61 76 178 83 112
Combined 11 -0- 67 83 309 123 281
Combined 12 -0- 68 74 178 144 69
Combined 13 -0- 65 74 178 130 75
4 5 -0- 41 41 41 46
5 6 -0- 25 26 36 27
6 1 -0- 165 171 69 117
1 2 -0- 73 79 125 69
2 3 -0- 170 190 256 258
3 8 -0- 95 107 146 263
8 11 -0- 46 47 51 35
11 10 -0- 64 61 69 56
10 9 -0- 53 59 56 31
10 12 -0- 125 144 64 93
12 13 -0- 136 132 33 32
Table6.31MeanPercentDeviationsforAlternativeFlowDistributionApproaches
fortheSulphurBasin
Given
Flows
Computed
Flowsat
Station
Known
Flows
MeanPercentDeviation(%)
Area A-CN-M NRCS CN NRCS CN
Ratio Ratio Original Adjusted
c
C
E
A
A
B
D
B
o
o
o
o
128
144
58
92
55
156
70
139
122
123
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Table6.32 95%and80%ExceedanceFrequencyFlowsasaPercentageof KnownFlows
FlowExceeded95%ofTimewith FlowExceeded80%ofTimewith
Drainage AlternativeFlowPredictionMethods AlternativeFlowPredictionMethods
Area Stations Area A-CN-M NRCS SWAT Stations Area A-CN-M NRCS SWAT
Ratio Ratio Ratio CN Regressed Ratio Ratio CN Regressed
LittleRiverSubbasinStations
0.178 1-7 860 793 896 - 1-7 469 432 450
0.501 2-7 522 517 378 - 2-7 205 203 179
0.176 3-7 82 78 58 - 3-7 177 168 149
0.187 4-7 23 177 178 - 4-7 38 111 112
0.035 5-7 51 137 293 - 5-7 63 89 162
0.104 6-7 39 157 328 - 6-7 42 103 184
0.356 1-2 165 154 333 - 1-2 229 212 265
0.939 3-4 277 250 211 - 3-4 265 238 213
0.336 5-6 87 87 90 - 5-6 89 89 91
NavasotaRiverStations
0.666 8-9 86 190 110 - 8-9 126 190 162
SanJacintoBasinStationVersusCombined
0.297 l-C 294 256 37 0 l-C 279 251 82 151
0.154 2-C 254 235 136 121 2-C 236 224 156 161
0.104 3-C 655 838 2491 1192 3-C 281 369 794 375
0.119 4-C 141 126 13 0 4-C 164 150 44 49
0.043 5-C 70 62 6.1 14 5-C 87 79 23 42
0.038 6-C 50 42 .47 0 6-C 74 65 9.6 44
0.027 8-C 782 907 3996 4720 8-C 205 233 747 669
0.107 9-C 313 348 1325 746 9-C 157 179 484 277
0.131 10-C 134 148 555 390 IO-C 91 103 276 185
0.031 11-C 146 177 1078 1220 11-C 98 123 486 449
0.032 12-C 67 81 541 100 12-C 49 62 264 49
0.023 13-C 76 91 480 196 13-C 69 85 299 122
SanJacintoBasinAdiacentSubwatersheds
0.360 4-5 49 49 48 - 4-5 53 53 52
0.897 5-6 71 68 46 - 5-6 85 81 61
7.705 6-1 592 604 77 - 6-1 378 387 49
0.518 1-2 86 92 167 - 1-2 84 89 163
0.680 2-3 260 289 377 - 2-3 120 134 175
0.255 3-8 107 129 300 - 3-8 65 78 123
1.165 8-11 19 18 16 - 8-11 48 47 41
4.227 11-10 92 88 11 - 11-10 92 89 22
0.247 10-12 146 162 167 - 10-12 159 176 123
0.662 12-13 193 189 65 - 12-13 237 233 100
0.816 9-10 71 71 244 - 10-9 52 52 177
SulphurRiverBasin
0.392 C-A 3800 - 100 - C-A 237 - 14
0.225 C-B 138 - 195 - C-B 152 - 166
0.192 E-D 52 - 105 - E-D 75 - 103
0.575 A-B 100 - 100 - A-B 45 - 77
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Table6.33 50%ExceedanceFrequencyandMeanFlowsasaPercentageof KnownFlows
FlowExceeded50%ofTimewith MeanofFlowsComputedwith
AlternativeFlowPredictionMethods AlternativeFlowPredictionMethods
Stations Area A-CN-M NRCS SWAT Stations Area A-CN-M NRCS SWAT
Ratio Ratio CN Regressed Ratio Ratio CN Regressed
LittleRiverSubbasinStations
0.178 1-7 333 307 312 - 1-7 206 190 190
0.501 2-7 164 162 151 2-7 128 127 123
0.176 3-7 156 148 138 3-7 III 105 100
0.187 4-7 77 130 131 - 4-7 100 108 110
0.035 5-7 90 81 120 - 5-7 75 53 71
0.104 6-7 71 90 132 - 6-7 85 80 103
0.356 1-2 204 190 211 - 1-2 161 149 155
0.939 3-4 156 140 129 - 3-4 114 102 97
0.336 5-6 88 88 89 - 5-6 70 70 70
NavasotaRiverStations
0.666 8-9 87 140 131 - 8-9 82 100 78
SanJacintoBasinStationVersusCombined
0.297 1-C 146 133 75 132 1-C 111 100 76 109
0.154 2-C 227 219 178 185 2-C 134 127 115 112
0.104 3-C 197 263 400 210 3-C 120 160 185 117
0.119 4-C 138 128 69 78 4-C 101 92 70 77
0.043 5-C 105 97 52 68 5-C 107 98 74 74
0.038 6-C 91 81 33 87 6-C 96 84 57 100
0.027 8-C 108 131 266 181 8-C 85 101 151 104
0.107 9-C 100 117 218 143 9-C 91 104 147 119
0.131 IO-C 82 95 175 127 10-C 84 94 135 118
0.031 ll-C 65 82 199 156 ll-C 71 89 150 128
0.032 12-C 39 50 128 28 12-C 51 64 112 32
0.023 13-C 57 72 160 76 13-C 60 74 117 71
SanJacintoBasinAdiacentSubwatersheds
0.360 5-4 76 76 75 - 4-5 107 107 106
0.897 6-5 87 87 83 - 5-6 89 85 78
7.705 1-6 161 164 21 - 6-1 116 118 15
0.518 2-1 155 164 227 - 1-2 121 128 147
0.680 3-2 88 98 128 - 2-3 90 100 127
0.255 8-3 49 59 75 - 3-8 63 75 83
1.165 11-8 60 58 51 - 8-11 85 83 73
4.227 10-11 127 122 30 - 11-10 117 113 28
0.247 12-11 140 155 81 - 10-12 178 197 85
0.662 13-12 247 242 122 - 12-13 197 194 105
0.816 9-10 37 37 124 - 10-9 108 33 109
SulDhurRiverBasin
C-A 158 - 96 - C-A 125 - 99
CoB 118 - 121 - CoB 121 - 122
E-D 113 - 127 - E-D 83 - 88
A-B 94 - 158 - A-B 99 - 126
CHAPTER 7
SUMMARY AND CONCLUSIONS
This reportdocumentsaninvestigationof methodologiesfor transposingsequencesof
monthlynaturalizedstreamflowstrom gagedwatershedsto ungagedsubwatersheds.The
objectiveis to developimprovedcapabilitiesforsynthesizingflowsatnumerousungagedwater
rightssitesin conjunctionwiththeTNRCC WaterAvailabilityModelingCWAM) System.Key
watershedcharacteristicstobeincorporatedintoflowdistributionmethodologiesareinvestigated.
Alternativeapproachesfor distributingflowsareidentified,eveloped,andevaluated.Several
methodsaretestedby predictingflowsat locationsfor whichknownflowsareavailablefor
comparison.Analysesof naturalizedmonthlyflowsat32streamgagingstationsin theBrazos,
SanJacinto,andSulphurRiverBasinsinclude(1)aninvestigationf therelationshipsbetween
flowsatdifferentlocationsand(2)acomparativeevaluationofmethodsfordistributingflows.
AlternativeFlowDistributionMethods
A reviewof thepublishedliteratureandthepracticesof agenciesandconsultingfirms
resultedinidentificationfthefollowingalternativeapproachesfordistributingflows.
. distributionofflowsinproportiontodrainagearea
. flow distributionequationwithratiosfor variouswatershedparametersincluding
drainagearea,curvenumber,andmeanprecipitation
. adaptationoftheNRCScurvenumbermethod
. use of streamgagerecordsto developregressionequationsrelatingflows to
watershedcharacteristics
. useofrecordedataatgagingstationstodeveloprecipitation-runoffrelationships
. watershed(precipitation-runoff)simulationcomputermodels
Selectedmethodswereexaminedingreaterdepththroughapplicationto theBrazosand
SanJacintoRiverBasindatasets.GagingstationsintheSulphurRiverBasinwereaddedlaterin
theinvestigationtofurtherexpandthedatabase.Flowscomputedwithalternativemethodswere
comparedwitheachotherandwithknownflows.
The firstgeneralstrategyinvestigatedin theanalysesof flowsat theselectedgaging
stationsi basedonthefolloWingrelationship.
Qungaged= C Qgage
C=
(
Aungaged
J
Nt
(
CNungaged
J
N2
(
Mungaged
J
N3
Agage CN gage M gage
TheexponentNJ forthedrainageareaA ratiowasfoundtobereasonablyconstantwithavalue
of approximatelyone(1.0). TheexponentsN2 andN3 for thecurvenumberCN andmean
precipitationM ratiosappeartovarygreatlybetweenmonthsandbetweenlocations.Valuesof
oneforNJ andN2wereassumed,resultinginthefollowingexpressionforC.
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This expressionreducesto applicationof a simpledrainagearearatioif theCN andmean
precipitationarethesameforboththegagedandungagedwatersheds.
Qungaged= (
Aungaged
)
Qgage
Agage
The secondapproachconsistsof adaptingtheNaturalResourceConservationService
(NRCS)rainfall-runoffrelationshiptotheproblemofdistributingmonthlyflows,realizingthathe
methodwasnotoriginallydesignedfor thisparticulartypeof application.ThemodifiedNRCS
curvenumber(CN) methodis advantageousovertheparameterratio approachfromthe
perspectiveof providinga moreconceptualrelationshipfor incorporatingtheCN andmean
precipitation.Theconceptof distributingflowsin directproportionto drainageareais also
explicitlyinherentintheNRCS CN method.If theCN andmeanprecipitationareassumedtobe
identicalfor bothwatersheds,theNRCS CN methodadaptationpredictsidenticallythesame
flowsasthedrainagearearatiomethod.
Anotherapproachfor developingflowsatungagedwatershedsi to applya computer
simulationmodelthat simulatesthe processesby whichprecipitationis transformedto
streamflow.Leadinggeneralizedwatershed(precipitation-runoff)modelsincludetheU.S.
EnvironmentalProtectionAgency'sHydrologicSimulationProgram-Fortran(HSPF),Danish
HydraulicInstitute'sMIKE SHE (SystemeHydroloqiqueEuropeen),andUSDA Agricultural
ResearchService'sSoilandWaterAssessmentTool(SWAT).Thesearecomprehensivemodels
forsimulatingwatershedhydrologyandwaterquality.SWATis particularlyadvantageousfrom
theperspectiveobtainingsimulationi putfromexistingdatabasesthroughaGIS interface.
The lastalternativestrategyadoptedin thestudyinvolvedapplicationof theSWAT
hydrologicsimulationmodelin combinationwith the SWAT/GRASSGIS Interfacewhich
facilitatesaccessto existingdatabasesfor developingprecipitation,weather,andwatershed
parameterinputdata.TheSWATportionofthestudywaslimitedinscopeandinvolvedonlythe
SanJacintoRiverBasin.ThegeneralstrategyforapplyingSWATadoptedinthisstudyconsists
ofthefollowingsteps.
. Dailyflowsatallpertinentlocationsarecomputedby SWAT for inputsequencesof daily
precipitation.Dailyflowsareaggregatedtomonthlyflows.
. Least-squareslinearegressiontechniquesareappliedtotheSWAT-simulatedmonthlyflows
to obtaina setofequationsrelatingSWAT-predictedflowsatthesiteof givenknownflows
versusSWAT-predictedflowsatthesitestowhichthegivenflowsaretobedistributed.
. Theregressionequationsarecombinedwiththegivenknownflowsto developsequencesof
monthlyflowsateachofthesites.
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. Concurrentsubwatershedversuswatershedflows in individualmonthsare not closely
correlatedLong-termmeansaremuchmorecloselycorrelatedthantheflows in specific
months.
Scatterplots,regression/correlationanalyses,andexaminationf flowratiosindicatethat
thecorrelationbetweenconcurrentflowsinspecificmonthsatthesetsof stationsadoptedforthe
studytendsto befairlyweak. Subwatershedflowsarenota constantproportionof watershed
flows.
Long-termmeansandotherstatisticalcharacteristicsof flowsatdifferentlocationsare
significantlymorecloselyrelatedthantheactualflowsin individualmonths.However,thereis
alsosignificantscatterinrelatingmeansandflow-frequencyrelationshipsatdifferentlocations.
Thecorrelationis dependentontheproportionof thewatershedareathatis contained
withinthesubwatershed.For themajorityof thepairsof stationsin thecasestudy,the
subwatershedstationstowhichflowsweredistributedrepresenta relativelysmallportionof the
largerwatershedof thegivenflows. In somecases,flowsweretransposedbetweenadjacent
separatewatersheds.Flows are morecloselycorrelatedin situationswherean ungaged
subwatershedcoversmostofthegagedwatershed.
Temporalandspatialvariationsinrainfallprobablyaccountformuchofthescatterinthe
monthlyflow comparisons.A particularrainfalleventwill becenteredovera portionof one
watershedwithlittlerainfallingin adjacentwatersheds.Thenextrainstormwill thenbe
concentratedinanothersubwatershed.Overthecourseofayearormany ears,thetemporalnd
spatialvariationsof rainfalltendto averageout. However,thetemporalvariationsfor storm
eventrunoffandmonthlyrunoffaregreat.Precipitationgagesaretoosparselylocatedtocapture
thesignificantvariationin rainfallovershortdistances.Theflowdistributionmethodshould
reflectpertinentcharacteristicsof precipitationeventhoughthespatialrainfallvariationswithin
eachmontharenotcaptured.
. Flowpredictionsfor a specificmonthwithanyflow distributionmethodare nothighly
accurate. However,meansand othersflow characteristicscan be estimatedwith a
reasonabledegreeofaccuracy.
Sinceconcurrentflowsarenotcloselycorrelated,noneof themethodsinvestigatedfor
distributingflowswillbehighlyreliableforpredictingflowsinanyspecifiedmonth.However,in
wateravailabilitymodeling,theprimaryconcernis thatthepredictedflowsequencesreproduce
relevantcharacteristicsof historicalflows,notnecessarilyanaccurateflow estimatefor each
individualmonth.Thetemporalcorrelationi thesequencingofmultiplemonthsof lowflowsor
higherflowsreflectedinthegagedflowsisexplicitlytransposedtotheungagedsitebyanyofthe
methods.Reproducingflow-frequencyrelationshipsis alsoimportantandis notachievedbyany
ofthemethodsaswellashoped.
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Withallof theflowdistributionmethods,predictedflowsvarygreatlyfromtheknown
flowsin individualmonths.All of themethodspredictlong-term eansandflow-frequency
relationshipsmuchmoreaccuratelythanflowsin individualmonths.However,noneof the
flowcharacteristicsarereproducedwithareallyhighdegreeofaccuracywithanyof theflow
distributionmethods.Meansareestimatedmoreaccuratelythanflow-frequencyrelationships
andlowflows.
. Themostimportantwatershedparametersare drainagearea,landcoverandsoil type
(representedbythecurvenumber),andmeanprecipitation.
Thedrainageareaisthemostimportantwatershedparameter.Ingeneral,applicationofa
simpledrainagearearatiopredictslong-termmeansandfrequency-flowrelationshipsat the
selectedstationstolerablywell. TheDA-CN-MparameterratioequationandNRCSCN method
adaptationi corporateheCN (reflectingsoiltypeandlanduse)andmeanprecipitationaswellas
drainagearea.Theincrementalgainsorlossesinaccuracyinreproducingknownflowsassociated
withthesetwomethodsvarysignificantlybetweenthesetsofstationsinvestigated.Althoughthe
incrementalimprovementsinaccuracyresultingfromincorporationfthecurvenumberandmean
precipitationarerelativelysmallin general,theimprovementsmaybe significantif thereare
significantdifferencesinlanduse,soiltype,and/ormeanprecipitation.
SWAT incorporatesthedrainageareaandcurvenumberaswellassequencesof daily
precipitation,otherweatherdataaffectingevapotranspirationandotherhydrologicprocesses,and
parametersaffectingsubsurfaceflow andstorage.However,whileincorporatingmuchmore
information,ingeneral,theSWAT-basedapproachprovidedabouthesamelevelof accuracyas
theothermethodsinreproducingknownflowsatthe12stationsforwhichit wasapplied.The
regressionequationsdevelopedfromtheSWAT simulationresultsreproducedtheknownflows
significantlybetterthanusingtheuncalibratedSWAToutputdirectly.
. Thealternativeflowdistributionmethodsprovideabouthesamelevelofaccuracy.
Alternativemethodsmaybeevaluatedintermsof improvementsoverthesimpledrainage
arearatiomethodin reproducingmeans,flow-frequencyrelationships,andotherrelevantflow
characteristics.For thecasestudywatersheds,theothermethodsprovideonlyminimal,if any,
improvementsinreproducingcharacteristicsoftheknownflows.TheDA-CN-Mparameterratio
equation,modifiedNRCS CN method,andSWATregressionprocedureperformedatabouthe
samelevelofaccuracy.However,formostofthepairsofstationsanalyzed,thedifferencesinCN
andmeanprecipitationarerelativelysmall.Improvementsoverthedrainagearearatiomethod
aredependentontherelativemagnitudeof thedifferencesin landcover,soiltype,and/ormean
precipitation.Conceptually,flow distributionmethodsincorporatinglanduse,soil type,and
precipitationalongwithdrainageareashouldlogicallybemoreaccuratethanthesimpledrainage
arearatioapproach.
. Modelingvaliditydependsuponcapabilitiesfor accuratelyestimatingvaluesfor the
watershedparametersas wellas theflow distributionmethodologyselectedEstimating
valuesfor watershedparametersinvolvesuncertaintiesandisnotnecessarilyhighlyprecise.
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RecommendedMethods
Thefollowingmethodsarerecommendedfor adoptionbytheTexasNaturalResource
ConservationCommission(TNRCC)fordistributingflowstromgagedwatershedsto ungaged
subwatershedsinconjunctionwiththestatewideWaterAvailabilityModeling(WAM)Project.
. drainagearearatiomethod(Equations6-1and6-3onpages89-90)
. NRCS curvenumberadaptation(Equations6-6and6-7onpage91)
The drainagearearatio methodand modifiedNRCS curvenumbermethodare
recommendedformostroutineapplicationsinwateravailabilitymodeling.ThemodifiedNRCS
CN methodallowsdifferencesinlandcover,soiltypes,andmeanprecipitationtobereflectedin
theflowdistribution.If theseparametersarethesameforboththegagedwatershedandungaged
subwatershed,theNRCS CN methodadaptationreducestothedrainagearearatiomethod.The
decisiontousetheNRCSCN methodratherthanthedrainagearearatiomethodforaparticular
subwatershedisbasedonjudgmentconsideringtherelativeimportanceofthedifferencesbetween
theCN andmeanprecipitationftheungagedsubwatershedandgagedwatershedandcapabilities
forestimatingvaluesfortheparameters.If theCN'sandmeanprecipitationareabouthesame
withinsomereasonablerangeof estimationaccuracy,thereis noneedto usetheNRCS CN
methodadaptation;thedrainagearearatiomethodisadequate.
The drainagearearatiomethodandNRCS CN methodadaptationcan be readily
incorporatedintotheWaterRightsAnalysisPackage(WRAP).AnArcViewbasedGIS is being
developedat theCenterfor Researchin WaterResourcesof theUniversityof Texas,under
contractwiththeTNRCC,thatwillreadalistof coordinatesa sociatedwiththesitesofavailable
naturalizedstreamflowsandwaterightsandperformthefollowingtasksforeachsite:
. delineatewatershedsanddeterminedrainageareas
. accessoils,landuse,andmeanprecipitationdatabases
. generatecurvenumbersforgridcells
. determinethecurvenumberandmeanprecipitationforeachwatershedandsubwatershed
TheSoilandWaterAssessmentToo(SWA1)providesgreatersophisticationinsimulating
hydrologicprocesses.Furtheresearchis requiredto formulaterolesforhydrologicsimulation
modelsin wateravailabilitymodeling.Areasof complexitythatcouldbe furtherinvestigated
regardingthepotentialforapplyingSWATincludethefollowing.
. Flowstromsubwatershedsthatareextremelysmallrelativetothewatershedof the
neareststreamgagecannotbepredictedaccuratelywithanyoftheflowdistribution
methods.FlowscomputedwithSWATtromdailyprecipitationmightbea better
approachforverysmallwatershedslocatedfartromanystreamgagingstation.
. Improvedcapabilitiesfor modelingthe interactionsbetweenstreamflowand
subsurfaceflows are importantfor certainriver reaches. SWAT provides
capabilitiesformodelingtheprocessesinvolvedinsurface/subsurfaceint ractions.
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Figure A.1PredictedflowsVs Naturalizedflowsatstation1
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Figure A.2 Predicted flows Vs Naturalized flows at station 2
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FigureA.a PredictedflowsVs Naturalizedflowsat station9
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Figure A.13 Predicted flows at station 1 Vs Predicted combined flows
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TableRl. Frequency-FlowRelationshipForStation1Flows
PredictedfromStation7FlowsintheBrazosRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original
100 0 25 23 38 0
99 0 89 82 107 0
98 1 211 194 230 0
95 48 413 381 430 0
90 142 977 900 971 0
80 547 2564 2362 2464 139
70 938 3873 3569 3684 463
60 1525 5792 5337 5465 1105
50 2553 8509 7840 7974 2207
40 3781 11931 10993 11126 3787
30 6343 19015 17519 17628 7458
20 11206 29548 27224 27266 13494
10 20118 52891 48731 48560 28179
Max 217095 244928 225664 222773 169422
TableB.2. Frequency-FlowRelationshipForStation2Flows
PredictedfromStation7FlowsintheBrazosRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original
100 0 72 71 13 0
99 0 252 249 120 0
98 1 593 587 375 16
95 223 1164 1152 842 171
90 1574 2750 2723 2225 911
80 3513 7216 7144 6300 3676
70 6132 10902 10793 9736 6229
60 9268 16304 16141 14826 10170
50 14620 23950 23711 22094 15981
40 24562 33582 33247 31311 23534
30 39425 53520 52986 50521 39650
20 63398 83167 82336 79271 64304
10 112228 148868 147382 143400 120494
Max 624904 689376 682496 677055 605966
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TableB.3. Frequency-FlowRelationshipForStation3Flows
PredictedfromStation7FlowsintheBrazosRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original
100 97 25 24 6 41
99 141 88 84 45 111
98 220 208 198 133 233
95 500 409 388 292 428
90 760 966 917 761 954
80 1432 2535 2405 2131 2399
70 2297 3830 3634 3284 3576
60 3593 5227 5435 4989 5291
50 5380 8414 7983 7422 7707
40 8064 11797 11194 10503 10736
30 14606 18801 17840 16920 16981
20 24963 29216 27722 26516 26230
10 48417 52297' 49623 47903 46644
Max 292679 242176 229792 225614 213379
TableB.4. Frequency-FlowRelationshipForStation4Flows
PredictedfromStation7FlowsintheBrazosRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
} Flows Ratio Ratio Original
100 0 68 1139 1146 1194
99 0 94 1213 1222 1270
98 575 115 1678 1692 1741
95 1477 335 2608 2635 2678
90 2319 641 3230 3265 3302
80 4034 1530 4474 4528 4548
70 4782 2726 6286 6367 6356
60 5942 4459 8522 8638 8583
50 8929 6871 11573 11738 11616
40 12298 11634 15834 16067 15843
30 18117 19684 23368 23725 23302
20 26309 33837 31452 31945 31292
10 46677 58932 48824 49615 48435
Max 312711 200090 271072 275831 266778
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TableB.5. Frequency-FlowRelationshipForStation5Flows
PredictedfromStation7FlowsintheBrazosRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original
100 0 154 324 800 1177
99 0 154 324 800 1177
98 114 161 345 834 1218
95 376 192 515 1100 1522
90 496 366 682 1348 1798
80 1077 679 961 1744 2231
70 1703 1124 1252 2140 2654
60 2250 1966 1766 2815 3361
50 3161 2834 2547 3802 4371
40 4237 4739 3287 4709 5280
30 7361 6862 4611 6287 6834
20 10432 10283 6067 7977 8470
10 12870 13998 9418 11754 12053
Max 39758 37450 22422 25719 24870
TableB.6. Frequency-FlowRelationshipForStation6Flows
PredictedfromStation7FlowsfortheBrazosRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCS CN
Flows Ratio Ratio Original
100 0 200 963 2323 2303
99 0 200 963 2323 2303
98 517 255 1070 2495 2468
95 977 384 1532 3203 3148
90 1384 571 1879 3713 3635
80 2733 1157 2806 5017 4879
70 4072 2260 3677 6193 5997
60 5539 3386 5234 8215 7916
50 8244 5955 7380 10902 10456
40 11570 8267 9689 13707 13103
30 18985 13627 13711 18453 17570
20 25305 25676 18939 24453 23203
10 36826 37897 30053 36815 34781
Max 114758 111280 83983 93693 87810
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TableB.7. Frequency-FlowRelationshipForStation8Flows
PredictedfromStation9FlowsfortheBrazosRiverBasin
(Flowsareinacre-feet/month)
Exceedance FlowPredictionApproach
Frequency Known Area A-CN-M NRCSCN
ercent) Flows Ratio Ratio Original
100 0 0 0 0 0
99 0 0 0 0 0
98 0 3 24 7 0
95 49 42 93 54 0
90 164 140 347 266 0
80 521 655 991 843 0
70 1127 1269 1964 1745 0
60 2138 2151 4278 3933 18
50 5436 4723 7600 7118 575
40 11259 8949 12406 11764 2243
30 21174 17782 19805 18965 6921
20 38147 27653 32125 31025 13075
10 82911 70261 59339 57819 44395
Max 321161 242319 234315 231551 194895
TableB.8. Frequency-FlowRelationshipForStation1Flows
PredictedfromStation2FlowsintheBrazosRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
} Flows Ratio Ratio Original
100 0 0 0 0 0
99 0 0 0 0 0
98 1 0 0 1 0
95 48 79 74 160 0
90 142 560 521 721 0
80 547 1251 1163 1452 122
70 938 2183 2030 2404 449
60 1525 3299 3068 3519 948
50 2553 5205 4839 5393 1937
40 3781 8744 8130 8821 4011
30 6343 14035 13050 13880 7405
20 11206 22570 20985 21955 13266
10 20118 39953 37147 38235 25965
Max 217095 222466 206843 205845 1751147
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TableB.9.Frequency-FlowRelationshipForStation3Flows
PredictedfromStation4FlowsintheBrazosRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original
100 97 0 0 0 0
99 141 0 0 0 0
98 220 540 486 378 492
95 500 1387 1248 1056 1233
90 760 2178 1960 1705 1920
80 1432 3788 3409 3045 3312
70 2297 4490 4041 3634 3918
60 3593 5580 5021 4552 4856
50 5380 8384 7545 6928 7267
40 8064 11548 10392 9623 9981
30 14606 17012 15309 14301 14662
20 24963 24704 22231 20918 21241
10 48417 43830 39442 37456 37571
Max 292679 293636 264241 256020 250017
TableB.IO. Frequency-FlowRelationshipFor Station5 Flows
PredictedfromStation6 Flowsin theBrazosRiverBasin
(Flowsareinacre-feet/month)
Flow PredictionApproach
Known Area A-CN-M NRCSCN
} Flows Ratio Ratio Original
100 0 0 0 0 0
99 0 0 0 0 0
98 114 129 129 135 129
95 376 328 330 339 237
90 496 465 468 479 417
80 1077 954 960 976 696
70 1703 1561 1570 1592 1130
60 2250 1890 1901 1926 1677
50 3161 2770 2786 2817 2487
40 4237 3758 3780 3817 3524
30 7361 6379 6417 6467 4923
20 10432 9058 9112 9173 8008
10 12870 12374 12447 12520 9977
Max 39758 38180 38407 38538 38564
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TableB.ll. Frequency-FlowRelationshipFor Station1Flows
PredictedfromtheCombinedFlowsfor theSanJacintoRiverBasin
(Flowsareinacre-feet/month)
Flow PredictionApproach
Known Area A-CN-M NRCS CN
} Flows Ratio Ratio Original
100 0 1049 575 0 720 0
99 494 1473 1318 63 1064 0
98 560 1631 1437 90 1193 0
95 831 2443 2131 305 1870 0
90 1209 3308 2962 649 2605 790
80 1887 5272 4727 1555 4304 2842
70 3284 7852 7165 3028 6571 5610
60 6179 10737 9843 4818 9134 8810
50 10734 15675 14298 8041 13564 14124
40 16397 21310 19717 12224 18661 19961
30 27499 32153 30366 20968 28548 31529
20 53334 56840 50908 38976 51277 57581
10 98744 93385 83253 69017 85219 96377
max 406604 316554 283513 271161 295006 333297
TableB.12.Frequency-FlowRelationshipForStation2Flows
PredictedfromtheCombinedFlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
Exceedance FlowPredictionApproach
Frequency Known Area A-CN-M NRCSCN
ercent) Flows Ratio Ratio Original
100 175 544 316 98 34 0
99 278 764 724 356 96 169
98 354 846 789 401 125 239
95 498 1267 1170 678 297 602
90 761 1715 1626 1029 515 1005
80 1160 2734 2595 1813 1084 1869
70 1682 4072 3933 2942 1922 3034
60 2251 5567 5402 4221 2930 4381
50 3586 8128 7848 6401 4762 6617
40 5750 11050 10822 9110 6959 9074
30 9110 16672 16667 14545 11386 13943
20 20861 29473 27942 25271 22031 24907
10 36790 48422 45695 42514 38565 41235
max 150903 164139 155612 152507 146426 140947
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TableB.13.Frequency-FlowRelationshipForStation3Flows
PredictedfromtheCombinedFlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original g
100 3 371 298 1766 108 1125
99 14 521 684 2558 190 1262
98 37 577 745 2670 223 1312
95 132 864 1106 3288 404 1574
90 294 1169 1537 3965 610 1865
80 664 1864 2453 5273 1112 2488
70 1159 2776 3717 6921 1810 3328
60 1829 3796 5106 8609 2621 4299
50 2811 5542 7418 11244 4055 5912
40 4954 7534 10229 14265 5738 7684
30 7767 11367 15754 19854 9061 11195
20 16117 20095 26411 29915 16868 19102
10 31355 33015 43191 44779 28753 30878
max 106401 111913 147086 128862 104182 102787
TableB.14.Frequency-FlowRelationshipForStation4Flows
PredictedfromtheCombinedFlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
} Flows Ratio Ratio Original
100 265 420 236 0 371 0
99 400 590 540 12 532 0
98 520 654 589 20 593 0
95 692 979 873 92 906 0
90 874 1325 1214 217 1242 0
80 1291 2112 1937 563 2012 0
70 2022 3146 2936 1142 3030 628
60 2980 4302 4033 1855 4175 1731
50 4561 6281 5859 3153 6142 3561
40 7140 8538 8079 4852 8396 5571
30 11272 12883 12443 8427 12749 9556
20 23640 22774 20861 15841 22704 18529
10 38910 37417 34115 28284 37501 31892
max 184500 126835 116176 112725 128365 113495
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TableB.15.Frequency-FlowRelationshipForStation5Flows
PredictedfromtheCombinedFlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original g
100 147 151 85 0 76 0
99 267 213 194 4 121 0
98 376 236 212 6 138 0
95 505 353 314 31 230 70
90 603 478 437 75 332 164
80 878 762 697 198 574 365
70 1180 1134 1056 404 902 636
60 1561 1551 1451 658 1279 950
50 2163 2264 2107 1122 1937 1471
40 2991 3078 2906 1730 2701 2043
30 4180 4644 4475 3010 4196 3176
20 7529 8210 7502 5670 7671 5729
10 11600 13489 12269 10137 12910 9532
max 55830 45724 41781 40493 45715 32750
TableB.16.Frequency-FlowRelationshipForStation6Flows
PredictedfromtheCombinedFlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
} Flows Ratio Ratio Original
100 351 136 73 0 158 0
99 488 191 167 0 218 0
98 537 211 182 0 240 0
95 638 317 270 3 354 0
90 718 429 375 20 473 127
80 926 683 599 89 744 408
70 1221 1018 908 225 1097 787
60 1549 1392 1247 405 1490 1226
50 2240 2032 1811 749 2159 1954
40 3001 2762 2498 1216 2921 2754
30 4431 4168 3847 2227 4381 4339
20 7550 7368 6450 4387 7692 7908
10 11851 12105 10547 8099 12574 13224
max 49926 41035 35919 34149 42236 45684
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TableB.17.Frequency-FlowRelationshipForStation8Flows
PredictedfromtheCombinedFlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original g
100 0 94 69 645 209 1213
99 6 132 157 894 266 1246
98 12 146 171 929 287 1258
95 28 219 254 1119 390 1321
90 71 296 353 1325 495 1390
80 230 472 536 1717 725 1539
70 492 703 854 2203 1014 1741
60 859 962 1173 2695 1328 1973
50 1300 1404 1704 3454 1852 2359
40 1970 1909 2350 4314 2436 2783
30 3330 2880 3619 5887 3535 3623
20 5710 5091 6067 8679 5965 5515
10 10310 8364 9921 12752 9471 8333
max 39551 28351 33787 35404 30128 25540
TableR18. Frequency-FlowRelationshipFor Station9 Flows
PredictedfromtheCombinedFlowsfor theSanJacintoRiverBasin
(Flowsarein acre-feet/month)
Flow PredictionApproach
Known Area A-CN-M NRCSCN
} Flows Ratio Ratio Original g
100 30 378 264 2056 614 1476
99 84 531 605 2927 810 1665
98 127 588 659 3050 882 1735
95 281 880 977 3723 1242 2095
90 486 1192 1359 4457 1616 2496
80 1212 1899 2168 5869 2445 3353
70 2411 2829 3286 7637 3506 4510
60 4159 3868 4514 9438 4673 5848
50 5623 5647 6558 12238 6639 8069
40 8180 7677 9043 15434 8853 10509
30 14420 11584 13927 21321 13055 15345
20 24560 20478 23349 31863 22467 26235
10 36782 33644 38184 47362 36191 42452
max 106502 114045 130032 134466 118300 141488
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TableR19. Frequency-FlowRelationshipForStation10Flows
PredictedfromtheCombinedFlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original g
100 278 463 322 2162 1068 2362
99 511 650 738 3511 1357 2602
98 604 719 805 3659 1461 2691
95 807 1078 1194 4475 1978 3150
90 1231 1459 1659 5364 2505 3660
80 2568 2325 2648 7078 1650 4753
70 4175 3464 4013 9225 5093 6227
60 6151 4736 5513 11416 6657 7931
50 8450 6914 8009 14824 9262 10761
40 11542 9400 11044 18718 12161 13869
30 18642 14182 17010 25896 17606 20029
20 31789 25071 28516 38763 29637 33902
10 47623 41190 46634 57701 46963 54561
Max 137903 139625 158810 164264 148869 180723
TableB.20.Frequency-FlowRelationshipForStation11Flows
PredictedfromtheCombinedFlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
Exceedance FlowPredictionApproach
Frequency Known Area A-CN-M NRCSCN
ercent) Flows Ratio Ratio Original g
100 37 109 84 1191 453 1952
99 67 154 192 1562 547 2009
98 120 170 209 1612 580 2030
95 175 255 310 1887 741 2138
90 279 345 431 2178 902 2259
80 561 550 688 2724 1240 2517
70 1191 820 1042 3385 1654 2866
60 1810 1121 1432 4041 2092 3269
50 2530 1636 2080 5037 2806 3938
40 3590 2224 2869 6147 3586 4673
30 5481 3356 4418 8140 5020 6130
20 8371 5933 7406 11607 8111 9410
10 13100 9747 12112 16574 12460 14295
max 46080 33041 41248 43555 37247 44126
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TableB.2!. Frequency-FlowRelationshipForStation12Flows
PredictedfromtheCombinedFlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
Exceedance FlowPredictionApproach
Frequency Known Area A-CN-M NRCSCN
ercent) Flows Ratio Ratio Original
100 45 114 88 1399 1312 318
99 147 161 202 1811 1483 343
98 290 178 220 1868 1542 353
95 401 267 326 2171 1821 402
90 560 361 453 2493 2086 456
80 1171 575 723 3092 2621 572
70 2161 857 1096 3814 3242 730
60 3170 1171 1506 4527 3872 911
50 4381 1710 2188 5605 4857 1213
40 6031 2325 3017 6802 5892 1544
30 8591 3508 4646 8942 7722 2201
20 11659 3201 7789 12649 11472 3680
10 16821 10187 12738 17937 16512 5883
max 51001 34533 43380 46513dv 43610 19333
TableB.22.Frequency-FlowRelationshipForStation13Flows
PredictedfromtheCombinedFlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
J Flows Ratio Ratio Original
100 68 83 63 740 615 380
99 130 117 144 993 713 416
98 204 129 157 1028 747 429
95 254 193 232 1219 910 498
90 328 262 323 1423 1067 574
80 604 417 515 1808 1392 738
70 961 621 781 2279 1776 960
60 1530 850 1073 2751 2174 1215
50 2170 1240 1559 3472 2808 1640
40 3119 1686 2150 4283 3484 2107
30 4350 2544 3311 5749 4702 3031
20 7540 4497 5550 8325 7251 5113
10 11773 7389 9076 12044 10746 8214
max 39128 25047 30909 32457 30005 27150
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TableB.23.Frequency-FlowRelationshipForStation5Flows
PredictedfromStation4FlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
) Flows Ratio Ratio Original
100 147 95 95 92 48
99 267 144 144 140 84
98 376 187 187 182 117
95 505 249 249 243 167
90 603 315 315 308 220
80 878 465 465 457 347
70 1180 728 728 718 577
60 1561 1073 1073 1060 886
50 2163 1642 1642 1626 1407
40 2991 2570 2570 2549 2274
30 4180 4058 4058 4031 3687
20 7529 8510 8510 8469 8000
10 11600 14008 14008 13954 13412
max 55830 66420 66420 66313 66180
TableB.24.Frequency-FlowRelationshipForStation6Flows
PredictedfromStation5FlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
) Flows Ratio Ratio Original
100 351 132 126 59 252
99 488 239 229 133 398
98 537 337 323 206 524
95 638 453 434 296 668
90 718 541 518 366 776
80 926 788 754 567 1071
70 1221 1058 1014 793 1387
60 1549 1400 1341 1058 1779
50 2240 1940 1858 1555 2386
40 3001 2683 2569 2212 3207
30 4431 3749 3591 3170 4365
20 7550 6754 6467 5923 7558
10 11851 10405 9964 9328 11362
max 49926 50080 47958 47514 51258
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TableB.25.Frequency-FlowRelationshipForStation1Flows
PredictedITomStation6FlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original
9100 0 2704 2766 351 1855
99 494 3760 3845 488 2696
98 560 4138 4232 537 3001
95 831 4916 5027 6389 3634
90 1209 5532 5658 718 4140
80 1887 7135 7297 926 5469
70 3284 9408 9621 1221 7378
60 6179 11935 12206 1549 9525
50 10734 17259 17651 2240 14102
40 16397 23123 23648 3001 19201
30 27499 34141 34916 4431 28888
20 53334 58173 59494 7550 50297
10 98744 91312 93386 11851 80169
max 406604 384680 393417 49926 349809
TableB.26. Frequency-FlowRelationshipFor Station2 Flows
PredictedITomStation1FlowsfortheSanJacintoRiverBasin
(Flowsarein acre-feet/month)
Flow PredictionApproach
Known Area A-CN-M NRCSCN
Flows Ratio Ratio Original
100 175 0 0 0 0
99 278 256 271 494 7
98 354 290 307 560 13
95 498 430 456 831 52
90 761 626 664 1209 128
80 1160 977 1036 1887 302
70 1682 1707 1803 3130 734
60 2251 3201 3392 5156 1773
50 3586 5560 5893 8156 3581
40 5750 8494 9002 11732 5973
30 9110 14244 15097 18488 10909
20 20861 27627 29280 33583 23015
10 36790 51149 54210 59159 45285
max 150903 210621 223226 224248 205326
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TableB.27.Frequency-FlowRelationshipForStation3Flows
PredictedfromStation2FlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
Exceedance FlowPredictionApproach
Frequency Known Area A-CN-M NRCSCN
ercent) Flows Ratio Ratio Original
100 3 120 134 175 279
99 14 191 213 278 385
98 37 244 271 354 459
95 132 343 381 498 595
90 294 524 582 761 832
80 664 798 887 1160 1177
70 1159 1157 1287 1682 1613
60 1829 1549 1722 2251 2077
50 2811 2467 2743 3586 3139
40 4954 3956 4399 5750 4816
30 7767 6268 6969 9110 3761
20 16117 14352 15959 20861 16018
10 31355 25312 28144 36790 27485
max 106401 103821 115441 127690 107280
TableB.28.Frequency-FlowRelationshipForStation8Flows
PredictedfromStation3FlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
Exceedance FlowPredictionApproach
Frequency Known Area A-CN-M NRCSCN
ercent) Flows Ratio Ratio Original
100 0 1 1 3 93
99 6 3 4 14 116
98 12 8 10 37 146
95 28 30 36 84 226
90 71 66 80 149 329
80 230 149 180 282 521
70 492 261 314 449 745
60 859 412 496 665 1022
50 1300 632 762 973 1400
40 1970 1115 1343 1622 2168
30 3330 1748 2105 2450 3114
20 5710 3626 4368 4838 5738
10 10310 7055 8497 9076 10220
max 39551 23940 28835 29384 30718
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TableB.29.Frequency-FlowRelationshipForStationFlows11
PredictednomStation8FlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
Exceedance FlowPredictionApproach
Frequency Known Area A-CN-M NRCSCN
ercent) Flows Ratio Ratio Ori2inal
100 37 0 0 0 0
99 67 7 7 6 59
98 120 14 14 12 78
95 175 33 32 28 120
90 279 83 82 71 210
80 561 268 265 230 488
70 1191 573 566 492 897
60 1810 1001 988 859 1433
50 2530 1515 1459 1300 2053
40 3590 2295 2266 1970 2964
30 5481 3879 3830 3330 4755
20 8371 6652 6567 5710 7790
10 13100 12011 11857 10310 13489
max 46080 46077 45484 39551 48382
TableB.30.Frequency-FlowRelationshipForStation10Flows
PredictednomStation11FlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCSCN
} Flows Ratio Ratio Original
100 278 156 151 0 8
99 511 283 273 0 48
98 604 507 488 30 153
95 807 740 712 92 282
90 1231 1179 1136 255 559
80 2568 2371 2283 561 1401
70 4175 5034 4847 1191 3483
60 6151 7651 7367 1810 5648
50 8450 10694 10297 2530 8248
40 11542 15175 14611 3590 12178
30 18642 23168 22308 5481 19377
20 31789 35384 34070 8371 30661
10 47623 55374 53317 13100 49540
Max 137903 194780 187546 46080 185693
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TableB.31. Frequency-FlowRelationshipFor Station9 Flows
PredictedfromStation10FlowsfortheSanJacintoRiver Basin
(Flowsarein acre-feet/month)
Flow PredictionApproach
Known Area A-CN-M NRCSCN
} Flows Ratio Ratio Original
100 30 69 68 242 740
99 84 126 126 438 935
98 127 149 149 516 1004
95 281 199 199 685 1145
90 486 304 303 1038 1410
80 1212 634 632 2147 2117
70 2411 1031 1027 3476 2852
60 4159 1519 1513 5105 3672
50 5623 2086 2079 6999 4557
40 8180 2850 2839 9541 5675
30 14420 4603 4586 15372 8058
20 24560 7849 7820 26150 12116
10 36782 11758 11715 39115 16698
max 106502 34048 33924 112927 40783
TableB.32. Frequency-FlowRelationshipFor Station12Flows
PredictedfromStation10FlowsfortheSanJacintoRiverBasin
(Flowsarein acre-feet/month)
Flow PredictionApproach
Known Area A-CN-M NRCS CN
} Flows Ratio Ratio Original
100 45 201 223 278 740
99 147 370 410 511 935
98 290 437 485 564 1004
95 401 584 648 670 1145
90 560 891 988 873 1410
80 1171 1859 2062 1443 2117
70 2161 3023 3353 2061 2852
60 3170 4453 4939 2771 3672
50 4381 6118 6785 3556 4557
40 6031 8356 9268 4568 5675
30 8591 13497 14970 6779 8058
20 11659 23015 25527 10656 12116
10 16821 34479 38241 15141 16698
max 51001 99842 110736 39531 40785
TableB.34.Frequency-FlowRelationshipForStationA Flows
PredictedfromStationC FlowsintheSulphurRiverBasin
(Flowsareinacre-feet/month)
100
99
98
95
90
80
70
60
50
40
30
20
10
max.
Known
Flows
FlowPredictionApproach
Area A-CN-M NRCSCN
Ratio Ratio Ori2inal
o
o
o
o
6
294
1153
3267
8025
14889
23620
39004
69636
259718
o
3
9
38
132
697
2621
5644
12677
22940
38527
57074
98854
297135
o
o
o
o
o
42
875
2717
7708
15682
28511
44393
81504
266906
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TableB.33.Frequency-FlowRelationshipForStation13Flows
PredictedfromStation12FlowsfortheSanJacintoRiverBasin
(Flowsareinacre-feet/month)
FlowPredictionApproach
Known Area A-CN-M NRCS CN
Flows Ratio Ratio Original
100 68 55 54 4 1
99 130 180 176 41 27
98 204 354 348 108 84
95 254 490 481 165 134
90 328 684 672 250 210
80 604 1431 1405 602 536
70 961 2641 2593 1212 1112
60 1530 3874 3804 1858 1731
50 2170 5354 5257 2654 2500
40 3119 7370 7237 3760 3576
30 4350 10498 10309 5507 5287
20 7540 14247 13991 7634 7380
10 11773 20555 20185 11256 10963
max. 39128 62323 61201 35681 35309
TableB.35.Frequency-FlowRelationshipForStationB Flows
PredictedfromStationC FlowsintheSulphurRiverBasin
(Flowsareinacre-feet/month)
AppendixB
Exceedance
Frequency Known
ercent) Flows
100
99
98
95
90
80
70
60
50
40
30
20
10
max
o
o
5
21
71
367
1352
3054
6910
11454
17312
27938
48025
179508
FlowPredictionApproach
Area A-CN-M NRCSCN
Ratio Ratio Original
o
2
8
29
116
556
1948
3989
8161
13729
23051
34482
53202
170550
I
6
15
41
140
609
2051
4140
8381
14013
23412
34905
53688
171025
TableB.36.Frequency-FlowRelationshipForStationD Flows
PredictedfromStationE FlowsintheSulphurRiverBasin
(Flowsareinacre-feet/month)
100
99
98
95
90
80
70
60
50
40
30
20
10
max
Known
Flows
63
63
202
373
714
1749
2696
3520
13335
26347
40232
79033
124601
301552
FlowPredictionApproach
Area A-CN-M NRCS CN
Ratio Ratio Original
77
77
85
192
407
1319
2786
4724
15116
32279
41172
66471
89172
219910
212
212
226
390
685
1809
3505
5672
16864
34837
44040
69997
93112
224808
176
-- -
TableB.37.Frequency-FlowRelationshipForStationB Flows
PredictedfromStationA FlowsintheSulphurRiverBasin
(Flowsareinacre-feet/month)
100
99
98
95
90
80
70
60
50
40
30
20
10
max
Known
Flows
o
o
o
8
41
321
722
2540
4833
9068
15475
22860
44021
179508
FlowPredictionApproach
Area A-CN-M NRCSCN
Ratio Ratio Original
o
o
o
o
o
143
573
1956
4552
8624
13986
25336
44676
149338
o
o
o
o
o
248
996
3401
7646
12949
19572
32955
54806
166700
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